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Abstract 
Lentinula edodes (Shiitake), a kind of basidiomycetes, is one of the most 
popular edible mushrooms. An understanding of the molecular mechanism in control 
of fruiting body initiation and maturation would be valuable for the cultivation of L 
edodes. 
Endocytosis is a process through which substrates enter a cell without 
passing through the plasma membrane but via invagination of membrane and 
formation of intracellular vesicle. It is generally regarded as an essential process in 
eukaryotic cells to recycle or to transport proteins and lipids into cells for degradation 
f -
and to uptake signal molecules. Evidence for endocytosis occurring in filamentous 
fungi, such as Aspergillus nidulans and Ustilago maydis, has been published. 
Rabl of Homo sapiens regulates the trafficking between early and late 
endosomes as well as late endosomes to lysosomes of endocytic pathway. Le.Rab? 
from L edodes is highly homologous to Rab7 (78% similarity). We used yeast 
two-hybrid system to identify proteins interacting with Le.Rab?. Two candidate 
proteins, receptor for activated C kinase-1 (Le.RACKl) and Rab5 GTPase {Le.Rab5) 
were isolated. Both interactions were confirmed by in vitro co-immimoprecipitation. 
mRNA sizes and expression levels of Le.Rab? and interacting partners in different 
i 
developmental stages were analyzed by Northern blotting and quantitative reverse 
transcription PGR. Levels of Le.Rab? and Le.RACKl increase from mycelial to 
primordial stage, while Le.RabS expressed at similar levels in all stages. In situ 
hybridization showed that mRNAs of these genes localized at active growing regions 
of fruiting bodies. All three genes strongly expressed at the outer region of trama cells 
and subhymenium in the hymenophore tissue of mature fruiting body. They were also 
found to express at the prehymenophore in the "eye organ" of young fruiting body. 
The results were consistent with the localization of Le.Rab? protein. The existence of 
endocytosis in mycelium and gill tissue was demonstrated using the FM4-64 dye and 
Le.Rab? protein was partly colocalized with the endocytic marker dye as shown in 
double immunofluorescence stahiing. In conclusion, we hypothesized that a novel 
pathway, which transports extracellular signals and ligands necessary for cell growth, 
is carried out by Rab proteins in L edodes. Le.Rab?, Le.RabS and Le.RACKl may 
contribute to the production of basidiospores, and the differentiation of mycelial cells 
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Chapter 1 Literature Review 
1.1 Introduction 
Lentinula edodes, commonly known as Xianggu or Shiitake mushroom, is a 
popular edible mushroom. It is not only a nutritious food with great flavor and an 
enticing aroma, but also contains constituents well-known for its medicinal benefits. 
Lentinan, a water-soluble polysaccharide extracted from Shiitake, is an approved 
anti-cancer drug in Japan (Chihara, 1992). It has high economical value that raises our 
interest in investigation for strain improvement of quality and quantity. L edodes have 
been found in China, Japan and Korea, where it grows in temperate climates and 
grows singly or in clusters in declining or dead hardwoods, particularly Shii (Pasania 
spp.), oaks (Quercus spp.)，and other Asian oaks and beeches (Stamets, 2000). It is a 
saprophytic white-rot fungus which degrades woody substrates containing recalcitrant 
and lignin components. Nowadays, wood logs or sawdust are the common substrates 
for cultivation of L. edodes. Moreover, L edodes is a good model of 
homobasidiomycetes because of its short life cycle and readiness to grow in 
laboratory. The class Homobasidiomycetes is a taxonomic division in the subdivision 
Hymenomycotina of the division Basidiomycota. Species included in this class are 
1 
so-called 'true" mushrooms which produce basidiocarps (Larsson et al\ 2004). 
Sawdust with rice bran, wheat bran and/or corncob meal are mixed to cultivate the 
mushroom in laboratory. In the classification, L edodes is identified in the genus of 
Lentinula, the family of Tricholomataceae, the order of Agaricales, and the subphylum 
Homobasidiomycetes of the phylum Basidiomycota. 
\ 
1.2 Nutritional values 
It was reported to have about 13.4% to 17.5% of protein on dry weight basis 
and all nine essential amino acids for humans could be found in L. edodes (Crisan and 
Sands, 1978). The quantity and quality of protein was thought to be higher than that in 
com, turnips, potatoes, tomatoes and carrots (Royse and Schisler, 1980). 
L. edodes contains relatively high amount of carbohydrates ranging from 
67.5% to 78.0% of carbohydrates on dry weight basis including pentoses, methyl 
pentoses, hexoses, disaccharides, amino sugars, sugar alcohol, and sugar acids (Crian 
and Sands, 1978). However, it only contains 4.9% to 8.0% of fats per dry weight. 
About 72% to 80% of total fatty acid is unsaturated fatty acid, in which 54-76% is 
linoleic acid. High level of linoleic acid and relatively low content of saturated fatty 
acids contribute to the healthy value of this mushroom (Huang et al.，1989). 
The mushroom is also a good source of vitamins and minerals. It was 
2 
reported that fresh L. edodes contains vitamin Bi (thiamine), vitamin B2 (riboflavin), 
niacin and ascorbic acid. The amount of vitamin D in L. edodes will increase after sun 
drying. It also contains potassium, calcium, phosphorus, sodium and iron (Crisan and 
Sands, 1978). It should be noted that fiber content in L edodes is ranging from 7.3% 
to 8.0% on a dry weight basis (Crisan and Sands, 1978). Insufficient fiber intake may 
result in high risk of colon cancer, coronary disease and other illness. Being a good 
source of fiber, this mushroom is recommended for balanced diet. 
1.3 Medicinal values 
Lentinula edodes is an economically important fungus because of its 
purported medicinal value. It was shown to be anti-tumor, anti-viral, anti-caries, 
immunopotentiating and hypocholesterlaemic effect. 
1.3.1 Anti-tumor effect 
The activities of polysaccharide extracts for L. edodes on the proliferation 
of human hepatoma SMMC-7721 cell and mouse implanted SI80 tumor were 
investigated. The polysaccharide extracts from the mushroom could inhibit not only 
the cultured malignant cells in vitro but also implanted SI80 tumor in vivo (Jiang et 
1999). Moreover, lentinan is an anti-tumor polysaccharide and exerts antitumor 
3 
activity in murine allogeneic, syngeneic and autochthonous hosts (Suga et al., 1984). 
An effective nitrite trapping agent, thiazolidine-4-carboxylic acid (TCA)，was found 
in boiled L edodes and prevented the formation of carcinogenic N-nitroso compounds 
(Kurashima et al., 1990). 
1.3.2 Anti-viral and anti-caries effect 
Lentinan, which could be found in L. edodes, was discovered to have 
anti-viral ability. It is effective against adenovirus type 12，Abelson vims and 
VSV-encephalitis virus and prolongs the survival time of cells or even curing these 
infections (Chihara, 1992). An inhibitory effect on glucan formation from sucrose by 
crude glucosyltransgerase of Streptococcus mutant JC-2 and Streptococcus sohrinus 
OMZ-176 was also proved (Shouji et ai，2000), suggesting that L edodes exerts an 
anti-caries effect. 
1.3.3 Immunopotentiating effect 
‘ Though lentinan has no direct cytotoxicity against target cells, it was a host 
defense potentiator (HDP) because of its enhancement in the host's natural defense 
systems. It restores or increases the responsiveness of hosts to lymphocytokines, 
hormones and other bioactive factors by stimulating the maturation, differentiation 
and proliferation of crucial cells in host defense mechanism (Chihara, 1992). Lentinan 
4 
also increases a variety of bioactive serum factors, which affect lymphocytes, 
hepatocytes, vascular endothelial cells and synovial fibroblasts trigger host defense 
reactions such as inflammation (Chihara, 1992). Moreover, no side effects lead to its 
popularity for treatments of cancer and AIDS. 
1.3.4 Hypocholesterolaemic effect 
L. edodes reduced the plasma and serum cholesterol levels in rat and human 
(Kaneda and Tokuda, 1966)，while the lentinan and eritadenine inside have 
hypocholesterolaemic effect. They accelerate the conversion of low-density 
lipoproteins (LDLs) to high-density lipoproteins (HDLs) in liver. Moreover, they can 
promote excretion of cholesterol in the feces (Tokuda et al” 1974; Tokuda and 
Kaneda, 1978). Recently, cholesterol-lowering effects of fiber from Shiitake 
{Lentinula. edodes) were shown in rats. The rats fed with shiitake were enhanced in 
the fecal cholesterol excretion. Cecal acetic acid, butyric acid and total short-chain 
fatty acid (SCFA) concentration were significantly higher in those rats (Fukushima et 
al., 2001). 
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1.4 Life cycle and morphology 
L. edodes is a heterothallic homobasidiomycetes. Its life cycle can be 
divided into five stages: basidiospore, mycelium, primordium, young fruiting body 
and mature fruiting body (Fig. 1.1). 
7 
The life cycle starts from the germination of haploid basidiospores for 
reproduction under suitable conditions (Moore, 1998). The spores initiate and 
elongate its long axis to form uninucleate monokaryotic hyphae (monokaryon) (Nakai 
and Ushiyama, 1974). Growth of cells only occurs at the tip of each hyphae and 
subsequently forms a radical network called primary mycelium. However, 
monokaryotic mycelium cannot develop into fruiting body. 
Two kinds of development result when different types of mycelia come 
across. When primary mycelia containing two incompatible factors, such as A and B, 
fuse together, a sexual reproductive phase called secondary mycelium is formed. Two 
nuclei were in each mycelial cell and is called a dikaryon, which carries genetic 
information from the parents (Miles and Chang, 1997). The dikaryotic mycelium can 
develop into fruiting body. One of the distinctive features of dikaryotic mycelium is 
the presence of clamp connections during its growth (Fig. 1.2). When a new cell is 
going to divide from the tip of hyphae, a hook cell projecting near the nuclei provides 
a temporary site for one of the daughter nuclei to keep the dikaryotic condition in each 
6 
hyphal cell after mitosis (Miles, 1993; Carlile and Watkinson, 1994). 
When secondary mycelium stores enough nutrients, it can proceed to the 
fruiting cycle. There are four consecutive stages in a fruiting cycle including induction, 
pinning, fruiting and resting. During fruiting, secondary mycelium aggregates to form 
primordia or pin in response to environmental cues to seek for new substrates. The 
period from dikaryotic mycelium to primordium is the critical point for fruiting (Kties, 
2000). Lowering the temperature to about 16°C can induce pinning in secondary 
mycelium (Bian, 2001). If the environmental condition is favorable, primordium will 
expand and differentiate into specialized mushroom tissues, fruiting body (Fig. 1.1). 
Then nuclear fusion occurs at the basidium of mushroom gills tissue to form 
karyogamy and meiosis proceeds to generate four genetically unique haploid 
basidiospores (tetraspores). While the fruiting body becomes mature enough, the cap 
will further extend and rupture the veil to expose the gills. The basidiospores are 
dispersed by air current and the life cycle starts again (Royse et al, 1980 and 1986) 
(Fig. 1.1). 
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Fig. 1.1 Life-cycle of Lentinula edodes (L-54) which grows on the substrate of 
sawdust. 
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Fig. 1.2 Formation of damp connection in dikaryon maintains the dikaryotic 
condition in the new synthesized apical cell. 
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1.5 Growth requirements 
L. edodes requires carbon, nitrogen, minerals and trace elements are 
essential for growth and development. Moreover, the life cycle and growth rate are 
affected by other environmental factors. Physical factors such as temperature and 
humidity and chemical factors such as pH, light intensity and oxygen level are the 
keys to successful development. The requirements of these factors may vary in 
different developmental stages. 
1.5.1 Nutritional factors 
Carbon sources, including mono-，oligo- and polysaccharides, are essential 
for mycelial growth and are-required for both structural compounds and metabolic 
process (Miles and Chang, 1997). L edodes also secretes extracellular enzymes to 
digest cellulose, lignin and hemicellulose to produce free sugar. Primordium initiation 
and fruiting body formation should require higher sugar concentration. The C/N ratio 
of 25:1 is the best for vegetative mycelial growth, while C/N ratio of 40:1 is the best 
for mushroom production (Tokimoto and Kawai, 1975). 
Nitrogen is another essential element to synthesize metabolic compounds, 
for example proteins, purines, pyrimidines and cell wall component chitin (Miles and 
Chang, 1997). Fungi do not have nitrogen-fixing ability so peptone, L-amino acids, 
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urea and various ammonium salts are used as nitrogen sources for mycelial growth. 
However, high concentrations, such as over 0.02% nitrogen in casamino acid, will 
inhibit the formation of fruiting body (Tolimoto and Kawai, 1975). 
The major mineral elements such as phosphorus, sulfur, calcium, 
magnesium and potassium are necessary for building cell components and enhancing 
metabolism. Phosphorus and potassium are beneficial to both mycelial growth and 
fruiting body formation (Ishikawa, 1967). The trace elements: Fe, Cu, Zn, Mn, B, and 
Mo are components of catalytic enzymes. 
Vitamins function as coenzymes in the metabolism. Vitamin Bi (thiamine) is 
the coenzyme of carboxylase of carbohydrate metabolism in mycelial growth (Miles 
and Chang, 1997). However, no significant effect of the growth of primordium to 
fruiting body was seen (Tokimoto and Kawai, 1975). 
1.5.2 Physical and chemical factors 
L. edodes requires low temperatures and temperature fluctuations for 
fruiting body development. The optimal temperature for mycelial growth is 24-27°C 
but temperature below 5°C or above 35°C stops the mycelial growth and is lethal to 
mycelium (Przybylowicz and Donoghue, 1988). Cold shock of 8-10�C is necessary 
for pinning and about 15°C for fruiting body formation (Zervakis et al.’ 2001). 
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In addition, optimal moisture content in substrates and the relative humidity 
(RH) are essential to produce mushrooms. Mycelium grows best at 55 to 68% 
moisture content in sawdust culture and at 75% RH, while fruiting process requires 
50-55% substrate moisture content and 85-95% RH (Przybylowicz and Donoghue， 
1988). L edodes normally grows in acidic condition of pH ranging from 3.0 to 6.0, 
while pH 3.5 is the optimal pH value for mycelial growth (Ishikawa, 1967). The 
optimal pH for primordium and fruiting body development is pH 5 in sawdust culture 
(Han et al” 1981). 
Light is necessary for fruiting body formation, basidiospores formation and 
dispersal but inhibits mycelial growth. Light-dark rhythm is the most important 
environmental signals for fruit body development of Coprinus cinereus (Kiies, 2000). 
Without light sources, irregular-shaped, small cap and long stipe mushrooms are 
resulted from L edodes (Bian, 2001). 
Since L. edodes is an aerobic fungus, well-circulated fresh air and frequent 
ventilation during fruiting is needed. The optimal CO2 levels for mycelial and fruiting 
V� 
body growth are different. Mycelial growth will be enhanced for higher C02 
concentration up to 0.6% while the optimal concentration for fruiting should as low as 
0.2% (Przybylowicz and Donoghue, 1988). 
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1.6 Application of L edodes 
The mushrooms are functional food and sources of drugs and 
pharmaceuticals. L. edodes plays its ecological role in the bioconversion of solid 
wastes generated from industry and agriculture into edible biomass (Chiu et al, 2000). 
L edodes becomes economically important in the coming century due to its medical 
value and industrial value. It has been used in biodegradation, biodecolorization, 
bioconversion, and biotransformation in addition to being a bioabsorbent and an 
indicator of environmental contamination. It is also a natural source of low side-effect 
industrial enzymes and drugs. 
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1.7 Endocytosis 
1.7,1 Different types of endocytosis 
Endocytosis is the process of uptake of large macromolecules，particles or 
liquids into cells. Most of these substrates are polar and therefore cannot passively 
diffuse through cell membranes, nor do they possess transporter molecules to move 
across the plasma membrane 
Endocytosis is distinct from diffusion and facilitated transport as the 
internalized material remains bound within a vesicle so it does not gain access to the 
cell cytoplasm directly. When the vesicle is transported into a cell, it can interact with 
other membranous organelles of the cell. All eukaryotic cells undertake some forms of 
endocytosis (Mukheijee et al, 1997). Even the cellular slime mold Dictyostelium, 
undergo feeding by means of endocytic pathway (Maniak, 2003). Many activities of a 
cell are mediated by endocytic mechanisms, including the uptake of extracellular 
nutrients, regulation of cell-surface receptor expression, maintenance of cell polarity, 
and antigen presentation. Pathogens such as viruses, toxins and micro-organisms 
utilize endocytic pathways to get inside the cell (Mukheijee et al 1997). 
Endocytosis occurs when the material to be ingested is enclosed by a 
portion of plasma membrane. There are three main forms, namely phagocytosis, 
pinocytosis and receptor-mediated endocytosis. 
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1.7.1.1 Phagocytosis 
Phagocytosis means 'cellular eating，and is a specialized feature of 
phagocytes. The plasma membrane actively extends out from the cell surface around a 
particle to be ingested. It begins with the formation of large projections from the 
plasma membrane. These extensions are called pseudopodia which close around the 
particle to form a phagosome. They are of various sizes and are determined by the 
size of the particle generally greater than 250 nm (Aderem and Underbill, 1999). They 
fuse with a lysosome to form a single larger organelle and their contents are mixed, 
while the lysosome carries digestive enzymes. Consequently, the enzymes in the 
organelle break down the ingested material into small molecules which are 
transported into the cytosol and available for cell use (Allen and Aderem, 1996). 
Many unicellular organisms like amoebas and ciliates use phagocytosis as a 
means to acquire food (Heiple and Taylor, 1982). However, only specialized types of 
cells use phagocytosis in multicellular organisms. In human, macrophages use 
phagocytosis as a body defense mechanism against infection, by engulfing invading 
microorganisms and removing cell debris from the body by ingesting damaged or old 
cells (Rittg e/fl/.，1999). 
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1.7.1.2 Pinocytosis 
This process is so-called ‘cellular drinking'. The macromolecules and 
extracellular fluids are taken up into small invaginations on the cell membrane. The 
invaginations expand into the interior of the cell and eventually bud off into 
endosomes or pinosomes, which are smaller than 150 nm in diameter. The plasma 
membrane is surrounded by a fuzzy coat in pinocytosis. This coat is around the 
invagination at the site of uptake and eventually forms an endosome, a vesicular 
structure in the subsequent intracellular trafficking. The major protein of the fuzzy 
coat is called clathrin. Vesicles budding from the plasma membrane is a continuous 
stream (Conner and Schmid, 2003). The constant removal of membrane depletes the 
plasma membrane and is balanced by another process called exocytosis. It is the 
process by which vesicles inside the cell fuse with the plasma membrane to secrete 
material and fluid. The two processes work together to continuously recycle the 
plasma membrane (Alberts et al, 2000). 
1.7.1.3 Receptor-mediated endocytosis 
Unlike pinocytosis, receptor-mediated endocytosis is specific in the 
substances (ligands) that it transports, such as hormones, growth factors, antibodies, 
enzymes, vitamins, etc. Once the ligands bind to receptors on the outer plasma 
membrane (McPherson et al, 2001), the receptors move within the plasma membrane 
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and become concentrated in depressions called clathrin-coated pits. The pits then 
invaginate to form clathrin-coated vesicles that pinch off the plasma membrane into 
the cytoplasm (Moore et a/.，1987). The subsequent pathway is described in "The 
endocytic pathway" below. 
In contrast to phagocytosis, not all materials brought into the cell by the 
transport are degraded in the lysosome (Dautry-Varsat, 1986).Receptors brought into 
the cell by receptor-mediated endocytosis have three different fates after unloading 
their cargo. They can be recycled back to the same area of plasma membrane from 
which they came. They are also transported to another region of the plasma membrane 
or are subject to the lysosomal degradation. 
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1.7,2 The Endocytic Pathway 
As described in pinocytosis and receptor-mediated endocytosis, after the 
substrates are invaginated on the plasma membrane or ligands bind to receptors, 
clathrin-coated pits eventually pinch off from plasma membrane (PM) and become 
clathrin-coated vesicles (Fig. 1.3). The vesicles rapidly lose their coats and in turn 
facilitate the fusion of the vesicles with early endosomes (EE), which is the first stage 
of the pathway and the major sorting station (Clague, 1998). EEs are composed of a 
network of tubules and vesicles throughout the cytoplasm and they take part in sorting 
of received molecules (Mellman 1996). The membrane-bound substrates, such as 
receptors, can be directed towards the pathway of recycling to plasma membrane (e.g. 
transferrin) or to later endocytic compartments (e.g. epidermal growth factor receptor) 
for lysosomal degradation. Additionally, substrates (e.g. glucose transporter GLUT4) 
can also be transported from EEs to the regulated secretory pathway (Wei et al 1998; 
Simpson et al 2001). 
There are two forms of cargo recycling, either by transport of substrates 
directly back to surface from early endosomal structure, or by recycling back to the 
PM mediated by recycling endosome (RE) (Fig. 1.3). RE comprises a perinuclear 
compartment composed of a tubule network with a slightly higher pH than EEs. The 
tubules concentrate around the microtubule-organizing center and can be disrupted by 
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destabilizing microtubules (Daro et al., 1996). A characteristic feature of this 
compartment is the slower rate of recycling compared to that occurs directly from 
early endosomes (Seachrist and Ferguson, 2003). 
Two mechanisms of early endosome (EE) to late endosome (LE) transport 
have been proposed. A vesicular transport model states that EEs and LEs are distinct 
compartments. The transport between them involves multivesicular endocytic carrier 
vesicles and is dependent on microtubules (Gu and Gruenberg, 1999). In a maturation 
model, maturation of EEs acquires lysosomal proteins from cargo vesicles while early 
endosome proteins lose through budding of recycling vesicles. LE is a discrete stage 
in the maturation process toward lysosomes and the transport from LEs to lysosomes 
involves direct fusion between them (Murphy, 1991). Late endosomes are responsible 
for the accumulation of the cargo after receiving from the EEs and contain 
hydrolytically active lysosomal hydrolases (Griffiths et al. 1988). Delivery of 
endocytosed material to lysosomes results in the digestion of cargo in the lysosomes 
by low pH and lysosomal enzymes. The resulting degraded products are transported 
from the lysosomes to cytosol, where they can be utilized by the cell or alternatively 
removed from the cell (Mellman 1996). 
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Fig. 1.3 A schematic diagram showing the endocytic pathway in a cell and 
intracellular localizations of various Rab GTPases. 
Various compartments involved in membrane trafficking are shown. The arrows denote the transport 
between those compartments. 
PM, plasma membrane; CV, clathrin-coated vesicle; EE, early endosome; LE, late endosomes; Lyso, 
lysosomes; RE, recycling endosomes; TGN, /ra«5-Golgi network; RER, rough endoplasmic recticulum. 
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1.7.3 Endocytosis in fungi 
The endocytic machinery has been extensively studied in animal and plant 
system, while the most well-characterized fungus with respect to endocytosis is yeast 
(Geli and Riezman, 1998; Munn, 2001). The studies reveal that components of the 
endocytosis pathway are conserved between mammals, plants and fungi. 
After the completion of genome sequencing of Neurospora crassa (Galagan 
et al” 2003), researchers searched for homologues of the key proteins involved in 
budding yeast endocytosis. Each of these yeast proteins, such as Rab5-like protein, 
components of clathrin coat and actin-related proteins, had one or more protein 
homologues in the Neurospora genome with very low e-values, which indicate high 
homology amongst them. Bioinformatic analysis of the Aspergillus nidulnas genome 
revealed that its endocytic machinery is comparable to that in Saccharomyces 
cerevisiae. However, it was suggested that the filamentous and coenocytic 
morphology of A. nidulans may have significant differences in membrane 
organization with yeasts (Gupta and Heath, 2002; Penalva, 2005). The existence of 
endocytosis was studied using membrane-selective markers of endocytosis, such as 
FMI-43, FM4-64. A number of filamentous fungal species were shown to take up 
these dyes into their mycelium (Fischer-Parton et al, 2000; Atkinson et al.，2002; 
Fuchs and Steinburg, 2005; Penalva, 2005). Similarly, internalization of markers of 
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fluid-phase endocytosis was also shown (Steinburg et al.，1998; Atkinson et al.’ 2002). 
In contrast, there are still some disputes on the occurrence of endocytosis in 
filamentous fungi. For example, the endocytic markers may not be taken up by some 
species, activities of flippases may contribute to the internalization of FM dyes and 
clathrin-coated vesicles have not been identified in fungal cells (Read and Kalkman, 
2003). Nevertheless, evidence supporting the existence of endocytosis in filamentous 
fungi is increasing and consistent with that in yeast. The demonstration of this process 
in L. edodes and discovery ofRab proteins in this project provide further supports. 
1.7.4 Rab GTPases 
The 60 different Rab GTPases constitute the largest and most diverse group 
of Ras-like small G proteins (Zerial and McBride, 2001). The first Rab gene {Ypt\) 
was identified in 1983 (Gallwitz, 1983). The first homologs of the yeast SEC4/YPT1 
in mammals were cloned and termed rab (nw-like in rat brain). (Touchot et al, 1987). 
Rab family is distinguished by Rab-specific amino acid sequences termed RabF 
motifs (Pereira-Leal and Seabra, 2000). They control a variety of important cellular 
process, such as endocytosis, endosome fiision and exocytosis. 
Rab GTPases are localized to specific compartments in both endocytic and 
exocytic pathways. A vesicular compartment may contain several kinds of Rab 
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proteins. One of the most notable properties of the Rab family is that individual 
isoforms are localized to the surfaces of membrane-bound organelles, or even 
micro-domains on these organelles (Zerial and McBride, 2001). The specificity of 
localization resides within residues at the C-teraiinal of the proteins. Currently, 
intracellular localizations and biological functions of Rabl, Rab2, Rab4, Rab5, Rab7, 
Rab9 and Rab 11 have been studied. 
1.7.4.1 Control of the active and inactive state of Rab proteins 
Similar to other GTPases, Rab proteins cycle between inactive GDP- and 
active GTP-bound states. The nucleotide-bound status of the proteins is regulated by 
GTPase activating proteins (GAPs)，guanine nucleotide exchange factors (GEFs), 
proteins which stimulate the replacement of bound GDP with GTP, and also by GTP 
dissociation inhibitors (GDIs) (Wu et al., 1996; Horiuchi et al, 1997). When the Rab 
proteins function in membrane fusion, GAPs interact with them to stimulate GTP 
hydrolysis and lead to the inactivation of Rabs. It allows recognition by GDI and 
recycling. As each Rab GTPase is controlled by distinct regulators of nucleotide 
exchange factors, individual nucleotide-boimd status contributes to the differential 
recycling of Rab proteins (Luan et al, 1999). 
Few GAPs and GEFs have been identified. A GAP and a GEF, which are 
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active with Rab3 isoforms (Fukui et ai, 1997; Wada et al” 1997). Moreover, a GEF 
was identified (Horiuchi et al. 1997), as well as effectors such as rabaptin-5 (Stenmark, 
et al 1995)，rabenosyn-5(Nielsen et al. 2000) for Rab5, which involves in endosomal 
trafficking on early endosomes. A notable finding of Rab-interacting proteins is their 
great diversities of DNA sequences and interactions for proper functions of Rab. The 
synthesis and activation of Rab proteins may be regulated by activated signal 
transduction cascades. Protein kinase B/Akt, which is coupled to Ras signal 
transduction pathway, regulates Rab5 in macrophages (Barbieri et al, 1998). 
Moreover, the Ras GAP, pi20, was found to interact with Rab5 to stimulate GTPase 
activity (Liu and Li, 1998). Signal transduction regulatory cascades are likely to 
influence the levels of active Rab proteins. 
1.7.4.2 Regulation of docking and fusion of membrane in endosomal 
trafficking 
The substeps of the vesicular traffic include budding, transport, tethering, 
docking and fusion. Different Rab GTPases regulates these steps, such as the budding 
of vesicle from previous membrane-bound compartment, the tethering of transport 
vesicle to next compartment (docking) and the fusion of vesicle with membrane of 
that compartment (Tuvim et al, 2001; Seachrist and Ferguson, 2003). The Rab 
proteins control these specific steps of vesicular traffic and are facilitated by the 
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recruitment of the actin- and microtubule-based motor proteins (Zerial and McBride, 
2001; Hammer and Wu, 2002). 
There are two kinds of targeting and fusion of membranes: homotypic and 
heterotypic. Homotypic targeting and fusion is the fusion of two biochemically 
identical membranes, while the heterotypic one is the fusion of two membranes 
between two different organelles. Various membrane trafficking steps include budding, 
transport, tethering, docking and fusion (Tuvim et al, 2001). The specificity of 
different membrane trafficking is due to different Rab proteins, SNAP receptors 
(SNAREs) and tethering proteins (Sollner et al., 1993). Rab7 is involved in 
homotypic membrane fusion, that is, endosomal trafficking between early and late 
endosomes. 
There are two kinds of SNAREs involved in the fusion; v-SNARE is on 
transport vesicle's membrane and t-SNARE is on the target compartment's membrane. 
When vesicle fusion starts, the SNARE pairs are first disengaged by NSF (detangling 
factor) and then stabilized by LMA-1 (detangled SNAREs stabilizing factor). 
Tethering proteins act prior to interaction between two SNAREs to bring membranes 
together and the SNAREs complex will let vesicle membrane fuse with target (Fig. 
1.4). However, the SNAREs complex is not sufficient for targeting as two SNAREs 
…prevent each other from pairing by protector protein. Different Rab proteins are 
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involved in recruiting tethering and docking factors for vesicle targeting, by 
interconversion of Rab proteins between inactive, GDP-bound form and active, 
GTP-bound form. When Rab binds to GTP, it can regulate the recruitment of docking 
factors from cytosol onto membranes. The docking protein is released after GTP 
hydrolysis of Rab proteins. Thus, only transport vesicles containing active 
Rab-GTPase can bind to docking factor, and docking only occurs between the 
vesicles and targets (Fig. 1.4). Overall level of Rab-GTP can modulate fusion rates in 
docking process (Pfeffer, 1999). 
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Fig. 1.4 Function of Rab GTPase- recruiting docking factor in “Homotypic，， 
membrane fusion. 
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1.7.4.3 Rab7 GTPase 
Rab7, a gene identified from Homo sapiens, seems to be conserved across 
species and many of its homologues have been found in plants (Haziel et al.，1995) 
and fungi (Wichmann et al, 1995; Ohsumi et al., 2002). The exact role of Rab7 and 
its mechanism of action in late endocytic traffic are still unknown. 
Rab7 is localized to the late endosomal compartment and partially to the 
lysosomal compartment in mammalian cells. It is proposed to regulate early to late 
endosomal trafficking as well as vesicular traffic between late endosomes and 
lysosomes, by controlling the aggregation and fusion of late endocytic 
structures/lysosomes (Meresse et al, 1995; Bucci et al., 2000). Moreover, it plays a 
role in vacuolar biogenesis and targeting of proteins to vacuole (Ohsumi et al, 2002). 
Evidence that Rab7 may regulate an early endosome to late endosome trafficking step 
Was obtained in a study examining a viral glycoprotein implanted in the plasma 
membrane. The glycoprotein undergoes a specific cleavage that occurs during early 
endosome to late endosome transfer. However, when there was an expression of 
dominant negative Rab7, an accumulation of this protein in early endosomes and 
inhibition of cleavage occurred, so prevented the delivery to late endosomes (Feng et 
al” 1995). Other studies have examined the sorting of receptor ligands to lysosomes. 
The degradation of low density lipoprotein (LDL) (Bucci et al, 2000) and epidermal 
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growth factor (EGF) is reduced by expression of dominant negative Rab7, while there 
was no change upon the accumulation of fluid phase markers or total transferrin 
uptake (Vitelli et a/.，1997). 
Recently, three Rab7 effectors were isolated, namely Rab7-interacting 
lysosomal protein (RILP), oxysterol-binding protein (OSBP)-related protein-IL 
(ORP-IL) and Rabring? (Cantalupo et al.，2001; Mizuno et al., 2003; Johansson et al, 
2005). RILP, which is unrelated to ORPIL and RabringT, interacts with Rab7-GTP 
and its overexpression induces clustering of late endosomes and lysosomes 
(Cantalupo et al., 2001; Jordens et al, 2001). Overexpression of RabringT, a zinc 
finger protein, has a similar effect (Mizuno et al, 2003). ORPIL expression can also 
induce lysosomal clustering and has a conserved OSBP-related ligand-binding domain 
(Johansson et al, 2005). Both RILP and ORPIL can induce recruitment of the motor 
complex dynein-dynactin onto late endosomes and lysosomes (Cantalupo et al., 2001; 
Johansson et a!., 2005). The effectors of Rab7 reveal that it should have multiple 
interacting partners, which are diverse in sequence and nature. 
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1.8 Aims of the project 
In Expressed Sequenced Tags study of primordium of L. edodes, Le.Rab? 
showed the highest similarity with Rab7 in Homo sapiens (78% identity, p=3e-88)) 
and small GTPase ovaA m Aspergillus nidulans (77% identity, p=3e-88) (Ng, 2000). 
Rab7 in H. sapiens may recruit an intermediate protein that links late 
endocytic vesicles to cytoskeleton (Cantalupo et al, 2001)，for late endocytic pathway 
to lysosome or vacuole in high possibility (Vitelli et al.’ 1996). AvaA is also a GTPase 
which may fimction in vacuolar biogenesis and membrane traffic in A. nidulans，a 
filamentous fungus (Ohsumi et al, 2002). 
It is likely that Le.Rab? has similar roles in L edodes as in other organisms. 
Moreover, Le.Rab? expression level increased during fruit body formation with 
highest level in primordium. However, the exact role of Le.Rab? remains unknown. 
The first step of my project is to apply yeast two-hybrid system to identify its 
interacting proteins. To know more about the candidate genes, the temporal and 
spatial, expressions were investigated during different developmental stages of this 
mushroom. Moreover, the presence of endocytosis and its relationship with Le.Rab? 
protein were demonstrated. These findings were useful in deducing the functions of 
Le.Rab? and endocytosis in L. edodes. It may also provide more information about 
也e fruiting process and contribute to the improvement in cultivation of mushroom. 
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Chapter 2 Protein-protein Interaction Study of 
Le.Rab? by in vivo and in vitro Interaction Assay 
2.1 Introduction 
Isolation of the protein interacting partners of Le.Rab? was the first step to 
characterize the function of it in L edodes. Many studies have indicated that the 
machinery responsible for membrane fusion in each stage of endocytic pathway is 
very specific and carefully regulated. The specificity seems to be controlled by a 
number of factors, Rab proteins, SNAP receptors (SNAREs) and tethering proteins 
(Pfeffer, 1999). So Rab7 should have physical interactions to several proteins in order 
to carry out its function in the later stage of endocytosis (Cantapulo et al, 2001; 
Mizunoe/a/.,2003). 
Many techniques have been developed to study protein-protein interactions, 
such as co-immunoprecipitation, GST-pulldown and affinity chromatography.-
Interactions can also be assessed by gradient centrifugation, native gel and gel overlay, 
etc. Among them, yeast two-hybrid analysis (Fields and Song, 1989) is used, first, for 
its in vivo nature and second, for fungal nature of yeast. Similar post-translational 
Modifications may take place and thereby allow the fusion proteins to fold into its 
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native form. Moreover, it also detects weak and transient interactions (Stephens and 
Banting, 2000). It is critical for proper functioning of complex biological systems, 
though interaction may not be biochemically detectable (Estojak et al., 1995; 
Guarente, 1993). It is a microbe-based assay allows the direct selection of only those 
yeast transforaiants expressing the desire interaction (Li and Fields, 1993; Van Aelst 
et al, 1993). The yeast two-hybrid system has three main applications: 
(1) Testing interactions between known proteins 
(2) Screening libraries for proteins which interact with a known protein 
(3) Defining domains and/or amino acids required for an interaction 
The schematic diagram illustrating the principle of yeast two-hybrid assay is 
shown in Fig. 2.1. It has been used to find the interacting components of Rab proteins, 
e.g., RILP (Rab-interacting lysosomal protein) (Cantapulo et al” 2001) and Sec 14 
(Zhang et al., 2004). Yeast two-hybrid analysis remains one of the powerful tools for 
investigation of entire protein ‘ interaction networks. Several genome wide 
protein-protein interaction maps based on yeast two hybrid approach have been 
generated (Ito et al, 2002; Uhrig, 2006). 
The aims of yeast two-hybrid screening in this experiment with full-length 
sequence of Le.Rab? as bait protein were to gain a better understanding of Le.Rab? 
妨d its role in the endocytic pathway. The "bait" gene Le.Rab? is expressed as a 
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fusion to the GAL4 DNA-binding domain (DNA-BD), while the primordial cDNA 
library of L edodes was used as "prey" and was expressed as a fusion to the GAL4 
activation domain (AD). In this yeast two-hybrid analysis, there are two ways of 
screening process— yeast mating assay and co-transformation assay. In yeast mating 
assay, two fusion proteins, are transformed to two different yeast strains. The 
transformed yeast cells are grown on synthetic dropout medium (SD) and positive 
results are observed in colony lift filter assay. The other approach, co-transformation 
assay, would be used to confirm interactions between the bait and screened preys. The 
bait (Le.RabT) and preys (screened library plasmids) were co-transformed into a yeast 
strain. Using various selections and screening markers selected for co-transformants 
expressing interacting proteins. 
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Fig. 2.1 Diagram showing principle of yeast two-hybrid system, using 
MATCHMAKER GAL4 two-hybrid system as an example. 
A bait gene is expressed as a fusion to DNA-binding domain (DNA-BD), while cDNA primordial 
library (prey) and activation domain (AD) expressed as a fusion protein. When bait and prey proteins 
interact, the DNA-BD and AD are brought to close proximity and activate the transcription of reporter 
genes. The positive clones are selected on nutrient dropout medium and interactions will be confirmed 
by /$'-galactosidase filter assay. 
Although yeast two-hybrid analysis is widely used as a large-scaled 
screening method as it is fast and easy to manipulate, the clones which were screened 
out maybe of partial cDNA sequence only. It is necessary to know the full l e n ^ 
sequence of a gene in order to know more about the background information, such as 
mRNA size, protein domains, amino acid sequence and the position of start codon. 
Rapid amplification of cDNA ends (RACE) is a polymerase chain reaction-based 
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method, which facilitates the cloning of full-length cDNA sequences when only a 
partial sequence is available (Schaefer, 1995). Frequently, the clones lack sequences 
corresponding to the 5' ends of the mRNA transcripts in yeast two-hybrid screening. It 
maybe due to the nature of the enzymatic reactions to produce cDNA libraries limits 
the probability of retrieving extreme 5' sequence. In RACE, first strand cDNA is 
synthesized from either total or poly (A) RNA in RT reaction. A defined sequence, 
either terminal deoxytransferase (TdT) or an oligonucleotide adapter is added to 3， 
end of the first strand cDNA. Finally, a gene specific primer is used together with a 
primer specific to the added sequence to amplify the sequence between the adapter 
and gene specific primer at the 5' end of the cDNA (Ambion, 2003). 
In the yeast two-hybrid screening, an interacting partner which contains 
partial cDNA sequence of Le.RabS was isolated. 5'RACE was used to obtain the full 
length sequence. About 160 bp of 5' end of the gene including the start codon was 
retrieved. 
In general, yeast two-hybrid analysis itself is not sufficient to define a "true" 
interaction even when controls such as testing for transactivation and reversing the 
protein as bait and prey are performed. Moreover, it is an in vivo transcriptional assay 
for the protein-protein interactions in Saccharomyces cerevisiae (Alberta et al, 2000). 
Thus, interaction must be confirmed by in vitro binding assay, such as 
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co-immunoprecipitation and glutathione-5-transferase (GST) pulldown. I have 
performed in vitro co-immunoprecipitation to confirm the protein interactions. Firstly, 
the full-length sequence of Le.Rab5 was cloned to vector suitable for in vitro 
translation. The bait and prey plasmids were translated respectively using a rabbit 
recticulocyte translation system. An antibody against an epitope tag could 
immunoprecipitate the epitope-tagged bait or prey proteins, assuming that the tags did 
not interfere the functions of proteins. SDS-PAGE was used to separate the proteins 
for Western blot analysis. If the second protein has been co-immimoprecipitated then 
its signal would be detected (Clontech laboratories, 2006). The principle of in vitro 
co-immunoprecipitation is shown in Fig. 2.2. 
- . . 
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Fig. 2.2 Diagram showing the principle of in vitro co-immunoprecipitation, 
using the MATCHMAKER Co-IP kit as an example. 
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2.2 Materials and Methods 
2.2.1 Yeast two-hybrid screening 
2.2.1.1 Confirmation of the clones jL忍.及flA7-pGBKT7 
2.2.1.1.1 Bacterial transformation 
There were altogether 5 clones of full-length Le.Rab? gene prepared by 
Choi, P.P. The insert of the gene had been cloned into vector (pGBKTT) as DNA-BD 
construct. The vector with highest expression is used in the yeast two-hybrid analysis; 
the clones were transformed into E.coli cells by heat shock transformation. The DH5a 
E.coli frozen storage competent cells were thawed. 5 \i\ of plasmid, together with 200 
of competent cells, were first incubated in ice for 10 min. The mixtures were put 
into 42°C water bath for 90 sec undergo heat shock transformation. The transformed 
cells were recovered in SOC medium at 37�C for 1 hr. 100 i^l of cells was spread on 
the antibiotic selection plates with 50 |xg/ml kanamycin and incubated at 37�C 
overnight. 
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Fig. 2.3 Vectors used in yeast two-hybrid analysis. 
(A) pGBKT7 vector (Clontech) for production of bait fusion protein on DNA-binding domain 
(DNA-BD). 
(B) pGADTT vector (Clontech) for production of prey fusion protein on activation domain (AD) 
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2.2.1.1.2 PGR screening for positive transformants 
Clones on plates were picked for PGR screening to verify positive 
transformants, in which DNA-BD plasmid with insert of correct size was hosted. PCR 
screening was carried out using 5’ T7 primer 
(5'-TAATACGACTCACTATAGGGC-3'), and 3，DNA-BD sequencing primer 
(5^TTTTCGTTTTAAAACCTAAGAGTC-3') for pGBKTT vectors. The master mix 
for PCR reaction was composed of: IX PCR buffer (Promega), 2 mM MgCh, 0.2 mM 
dNTPs, 0.1 M 5，T7 primer, 0.1 mM 3' DNA-BD sequencing primer, 0.5 unit Taq 
polymerase (Promega). The clones grown on plates were picked directly into the 
master mix. In the PCR process, the PCR mixture was first heated at 94°C for 6 min, 
followed by 30 PCR cycles with annealing temperature of 55°C and extension 
temperature of 72�C. The products were analyzed in 1.5% agarose gel by gel 
electrophoresis to determine if the desire BD plasmid was present with correct size. 
2.2.1.1.3 Plasmid preparation and confirmation of transformants 
‘ The clones with positive results of PCR screening were inoculated into LB 
medium with 50 |Lig/ml kanamycin and cultured at 37°C for 12-16 hrs. The plasmids 
was extracted using Wizard plus SV minipreps DNA purification system (Promega), 
following the general procedures described in the user manual. The plasmids were 
confirmed by redigestion，using 2 restriction enzymes, Pstl and BamHl. Then, 
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plasmids undergo PGR screening (procedures as mention above) to further confirm 
the presence of correct-sized insert, followed by sequencing of clones. 
2.2.1.1.4 Sequencing 
Cycle sequencing reactions were carried out using ABI P R I S M ^ M 
dRhodamine terminator cycle sequencing ready reaction kit (Applied Biosystems), 
using general procedures described in user manual. 
The cycle sequencing products were then purified using method of 
"Drodamin purification". By adding with 3 M sodium acetate, 10 pg glycogen and 
95% ethanol, the samples were centrifiiged at maximum speed for 15 minutes at 
-20°C. The samples were then washed by 75% ethanol once and dried under vacuum 
for 3-5 minutes. The pellet was re-suspended in 10 i^l Hi-Di formamide and heated at 
95�C for 2 minutes for denaturation. 
The purified products were subject to capillary gel electrophoresis for 
sequence analysis using ABI PRISM 3100, and the sequences were analyzed using the 
ABI PRISM DNA sequencing analysis software (Applied Biosystems) and edited 
using SeqEd™ software (v. 1.0.3，Applied Biosystems). The edited sequences were 
searched in BLASTX search ofNCBI to confirm the sequence homology to see as if it 
was the Le.Rab? gene. 
39 
2.2.1.2 Confirmation of Le.Rab? protein expression in yeast 
2.2.1.2.1 Yeast transformation 
The plasmid isolated with Le.Rab? gene were then transformed into yeast 
strain Y187, using Y E A S T M A K E R ™ yeast transformation system (Clontech), by the 
PEG/LiAc method as described in user manual (Clontech laboratories, 1999). The 
cells were grown about 16-18 hrs into mid-log phase and pretreated with TE/LiAc, 
followed by the addition of plasmid DNA, herring test carrier DNA and PEG4000, 
incubating at 30°C for 30 min. Then DMSO was added. The transformation mixture 
undergoes heat shock transformation in 42°C water bath for 15 min. Transformed 
yeast cells were spread onto synthetic tryptophan dropout (SDAtrp) plates (Clontech 
laboratories, 2001a). The plates were incubated in 30�C for 3-5 days until colonies 
appeared. In order to screen for the positive clones grown on plates, screening PGR 
were also done similar to section 2.2.1.1.2. 
2.2.1.2.2 Yeast protein extraction 
For the positive clones confirmed by screening PGR, they were inoculated 
into SDZ-Trp medium and grown in 30�C for 16-18 hrs. Then, the overnight cultures 
Were inoculated into YPDA medium to continue growth. Then after the OD600 
reached 0.5-0.6, the cultures were centrifuged at 14000 rpm, 4°C. The pellet was 
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resuspended in iced water. After centrifuging at HOOOrpm, 4°C again, the pellet was 
freeze by liquid nitrogen for storage. The yeast proteins were extracted out by means 
of "TCA method，，which was mentioned in user manual of Yeast Protocols Handbook 
(Clontech laboratories, 2001b). 
2.2.1.2.3 Western Blotting 
After the proteins were extracted, the samples were immediately loaded gel 
for SDS-PAGE electrophoresis. Western blotting was then done to confirm that 
protein encoded by Le.Rab? could be expressed in vivo system. The procedures were 
the same as in user manual in Yeast Protocols Handbook (Clontech laboratories, 
2001b). After the transfer of protein onto nitrocellulose membrane, the protein was 
detected by a primary antibody (with 1:1000 dilution) specific to c-Myc epitope, 
which linked upstream to Le.Rab? on the pGBKT7 vector, (Fig. 2.3). Then the 
membrane was incubated with 1:10000 dilution of horseradish peroxidase-linked 
anti-mouse IgG (Amersham). ECL Western blotting detection reagents (Amersham) 
Were used for signal transduction in X-ray autoradiography 
41 
2.2.1.3 Yeast Two-hybrid screening by Yeast-mating 
The pGBKT7 DNA-BD plasmid with Le.Rab7，which had been transformed 
into yeast strain Y187 and extracted, was used as bait. While the primordial cDNA 
library, together with pGADT7-Rec vector, was transformed into yeast strain AH 109 
and selected on SDZ-leu plates. The cDNA library was constructed by Szeto, Y.Y. 
Yeast mating was then carried out by mixing the library host strain (AH 109) and bait 
strain (Y187), following the procedures in the user manual (Clontech laboratories, 
2001a) (Fig. 2.4). 
The negative control for the yeast two-hybrid system was carried out. 
Negative control was done by using AH 109 strain with cDNA library cloned to 
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Fig. 2.4 The yeast two-hybrid screening by "Yeast mating" approach. 
Mating was done by mixing Y187 and AH 109 containing BD and AD respectively 
The mated yeast was spread on Triple Dropout Medium (SD/ -His/ -Leu/ 
-Trp, TDO) and Quadruple Dropout medium (SD/ -Leu/ -Tip/ -His/ -Ade, QDO), for 
screening the AD fusion library in medium and having different stringency conditions. 
Activation of nutritional reporter genes was due to protein interaction between bait 
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and library proteins. The plates were incubated at 30°C for 3-5 days until colonies 
appear. The clones on the higher stringent QDO plates were preferentially selected for 
identification afterwards due to lower chance of false positives appeared. 
Table 2.1 The vectors constructs used in yeast mating of yeast two-hybrid 
screening. 
Vector constructs Selective medium plate 
Screening 1. Total cDNA library TOO and QDO 
2. i^GBYiTl-Le.Rab? 
Negative control 1. Total cDNA library QDO 
2.2.1.4 Identification of Preys 
2.2.1.4.1 PCR screening for clones grown on plates 
All clones were used the same PCR procedures as described in section 
2.2.1.1.2 to identify the sizes of preys, using the same set of primers, 5' T7 primer 
(5'-TAATACGACTCACTATAGGGC-3'), and 3' AD sequencing primer 
(5，-AGATGGTGCACGATGCACAG-3’). The clones showed single band with size 
larger than 800 base pairs were chosen for further confirmation tests. It was because a 
larger size of insert was more likely to carry a whole gene. 
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2.2.1.4.2 Colony lift filter assay 
The transcriptional activation of lacZ gene was due to interaction between 
bait and library protein. Colony filter assay was used to identify the positive clones 
grown on plates. Moreover, it could be used to assay the strength of interaction. 
Colony lift assay is a colorimetric method for detection of GAL4 reporter 
gene activation in yeast two-hybrid system. The detailed procedures of colony lift 
filter assay were described in Yeast Protocols Handbook (Clontech laboratories, 
2001b). The clones selected after the PCR screening were restreaked on QDO plates 
and grew at 30°C. The replica of clones was made by sticking filter paper onto plates, 
frozen in liquid nitrogen and thawed at room temperature. The replica was incubated 
at 3(rc in Z buffer/ X-gal solution (98% Z buffer, 0.2% y9-mecaptoethanol and 1.8% 
20 mg/ml X-gal) for color development in about 30 min to 8 hrs. Positive result was 
shown by blue color development. 
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Fig. 2.5 Procedures of colony lift filter assay. 
Blue color development indicates the positive result 
Table 2.2 The vector constructs used in positive and negative controls in 
colony lift filter assay 
Vector constructs 
Positive control pGBKT7-53 
I pGADT7-RecT 




The positive clones confirmed by the above tests were selected and undergo 
sequence analysis to identify the prey DNA sequence. Subsequent sequencing 
procedures were the same as described in section 2.2.1.1.4. The sequencing results 
were analyzed using the ABI PRISM DNA sequencing analysis software (Applied 
Biosystems) and edited using SeqEd™ software (v. 1.0.3, Applied Biosystems). The 
edited sequences were BLASTX search of NCBI to confirm the sequence homology 
to identify the prey. 
2.2.1.5 Confirmation of interaction by Co-transformation assay 
2.2.1,5.1 Plasmid preparation of positive clones 
The plasmids of positive clones were isolated out for subsequent 
co-transformation assay. Positive clones were inoculated into synthetic dropout 
tryptophan medium and incubated at 30°C for 16-18 hrs. The culture medium was 
centrifuged to pellet the cells. 10 i^l lyticase solution was added to the pellet and 
incubated at 37°C for 30-60 min to dissolve the cell wall of yeast cells, followed by 10 
\i\ 20% SDS to ensure the complete lysis of cells. The plasmid was purified by ethanol 
precipitation. An equal volume of phenol/ chloroform (1:1) was added and centrifuged 
at 14000 rpm, 4°C • The supernatant was transferred to a new tube, together with 34 \i\ 
of 7.5M ammonium acetate, 1 mussel glycogen and 250 100% ethanol was 
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mixed. After incubating on ice for 10 min, the samples were centrifiiged at 14000 rpm, 
4°C for 30 min. The pellet was washed twice with 70% ethanol and dried in air for 
5-20 min, followed by addition of 10 i^l ultrapure water. 
2.2.1.5.2 Transformation and bacterial plasmid preparation 
The yeast plasmids of positive clones were transformed into DH5a E.coli 
cells by heat shock transformation and grown on antibiotic containing plates. The 
procedures were the same as described in section 2.2.1.1.1, except that the use of 100 
Hg/ml ampicillin instead of 50 ng/ml kanamycin, because ampillicin resistant gene on 
pGADT7 vector. The plasmid from the bacterial cells was extracted using Wizard plus 
SV minipreps DNA purification system (Promega), following the general procedures 
described in the user manual. 
2.2.1.5.3 Yeast two-hybrid screening by co-transformation 
The pGBKT7 DNA-BD plasmid with Le.Rab? and the plasmids of preys 
withi pGADT7 vector were co-transformed into yeast strain AH 109，using the PEG/ 
LiAc method as described in user manual (Clontech laboratories, 2001a) and in 
section 2.2.1.2.1. Both positive and negative co-transformation controls were also 
carried out (Table 2.3). The principle of co-transformation assay was illustrated in Fig. 
2 .6 . 
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Fig. 2.6 The yeast-two hybrid screening by co-transformation approach. 
The two vectors were simultaneously transformed into one yeast strain. 
In the positive control, pGBKT7-53 encodes a fusion between the GAL4 
BD and murine 53. SV40 large T PCR fragment and pGADT7-Rec recombine in vivo, 
encodes a fusion between GAL4 AD and large T-antigen. P53 and SV40 large T 
antigen interact with each other in yeast two-hybrid assay. 
Moreover, there was negative co-transformation control to co-transform 
pGBKT? with insert of Le.Rab? and pGADT7 with no prey plasmids to show that the 
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interaction was due to interaction between bait and library protein. 
The co-transformed yeast cells were spread on QDO plates incubated in 
30�C for 3-5 days until colonies appear. 
Table 2.3 The vector constructs used in co-transformation of yeast 
two-hybrid screening. 
Co-transform AH 109 Selective medium 
strain with plate 
Screening 1. pGADT7-Rec-Preys' QDO 
inserts 
Co-transformation control 1. pGBKT7-Le.Rab7 QDO 
2. pGADT7-Rec 
Positive control 1. pGADT7-T QDO 
2. pGBKT7-53 -
2.2.1.5.4 Colony lift filter assay 
The colonies grown on QDO after co-transformation were directly used for 
colony lift filter assay. The procedures were described in section 2.2.1.4.2. The 
positive result (blue color development) on filter paper could further confirm the 
interaction between Le.Rab? and preys. 
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2.2.2 Rapid Amplification of cDNA 5，ends 
2.2.2.1 RNA preparation 
2.2.2.1.1 Strains and culture conditions 
Lentinula edodes’ strain L54, were cultivated in sterile sawdust compost as 
described previously (Leung et al” 2000). 
2.2.2.1.2 RNA extraction 
The total RNA of primordium was extracted by using TRI-reagent® 
(Molecular Research Center). Mortars, pestles, forceps and blades were pre-baked at 
200°C overnight to remove RNase. Liquid nitrogen was used to pre-chill the mortars, 
pestles, forceps and blades. The primordia were cut with blade and frozen by liquid 
nitrogen in a pestle once cut away from the sawdust bags. Samples were ground until 
they became powder-like form. 0.1 g powder-like sample was transferred to 1 ml 
TRI-reagent® in a RNase-free eppendorf, followed by 10 min of vortexing at room 
temperature. Then the mixture was subject to a 4°C centrifugation at 12,000xg for 10 
min. The clear supernatant was then transferred to a new RNase-free eppendorf 
carefully without any disturbance of the interphase layer. 0.2 ml chloroform was 
added and gentle inversion was done for 15 sec. It was stored at room temperature for 
10 min. The mixture was then subject to a 4°C centrifugation at 12，000xg for 15 min. 
The aqueous upper phase was then transferred to a new RNase-free eppendorf again. 
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0.25 ml salt solution (0.8 M sodium acetate and 1.2 M sodium chloride) and 0.25 ml 
isopropanol were added to it. The mixture was allowed to stand for 5 min at room 
temperature and was subject to a 4�C centriftigation at 12,000xg for 8 min. All the 
supernatant was removed without disturbing the pellet. The RNA pellet was washed 
with 1 ml 70% ethanol and dissolved in 20 |il DEPC-H2O at 60°C. 
The concentration of the RNA extracted was checked by Gene Quant II 
(Pharmacia Biotech). The quality of RNA was examined by loading 2 \i\ sample in 
1.2% formaldehyde agarose gel. The samples were kept at -70°C for later use. 
2.2.2.2 5，RACE 
2.2.2.2.1 RNA processing 
5，RACE of Le.RahS was done by using FirstChoice RLM-RACE kit 
(Ambion). Procedures were according to the manufacturer's protocol. First of all, l^ig 
primordial RNA was mixed with 2 calf intestine alkaline phosphatase (CIP), 2 
lOX CIP buffer and RNase-free water in 20 |xl reaction and was incubated in 37°C 1 
hr. CIP reaction was terminated by phenol: chloroform extraction and the procedures 
were the same as protocol. Tobacco acid pyrophosphatase (TAP) treatment was 
followed. 4 i^l treated RNA was added with 1 \i\ TAP and was incubated at 37°C 1 hr. 
Finally, 5 i^l CIP/TAP-treated RNA was ligated with 1 5' RACE adapter in the 
reaction of 1 lOX RNA ligase buffer, 2 i^l T4 RNA ligase (2.5 U尔 1) and 1 i^l 
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RNase-free water at 37°C 1 hr. 
I 
2.2.2.2.2 Reverse transcription 
cDNA synthesis was done by reverse transcription of adaptor-ligated RNA 
in the 20 \x\ mixture of 2 [i\ ligated RNA, 4 [d dNTP mix, 2 random decamers, 2 i^l 
lOX RT buffer, 1 M-MLV reverse transcriptase and 8 i^l RNase-free water at 42�C 
Ihr. 
2.2.2.2.3 Nested PGR for 5'RLM-RACE 
To begin with the RACE PGR, an outer 5' RLM-RACE PGR was 
performed. The mastermix of the PGR was composed of 0.2 RT reaction product, 1 
III lOX PGR buffer，0.8 |il dNTP mix, 0.4 i^l 5，RACE outer primer, 0.4 \lI 3， 
gene-specific outer primer (10 _ (5'-ACCTTGATGAATAACCAGTCTA-3'), 7.2 
|xl RNase-free water and 1.25U platinum Tag polymerase (Invitrogen). The PGR 
program consisted of 94^0 3 min, followed by 35 cycles of 94°C 30 sec, 60°C 30 sec 
and 72°C 30 sec. Finally, there was an extension step of 72�C 7 min. After the outer 
RACE PGR, the inner RACE PGR was performed. It was similar to the previous one 
except that the outer PGR product and 3' gene-specific inner primer 
(5'-TCAGTCCTTCTTCCTCAGCATA-3') were used instead of RT product and 
gene-specific outer primer. 
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2.2.2.3 Gel analysis of products, TA cloning of RACE product and 
sequencing 
The nested PGR product was subject to agarose gel electrophoresis using 
1.5% agarose gel and running at lOOV for 40 min. The RACE product was cloned into 
TA TOP�® cloning vector (Invitrogen). The sequence was then determined using ABI 
PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit and Applied 
Biosystems Genetic Analyzer B310 (Applied Biosystems). 
2.2.2.4 Cloning of full-length Le.RabS 
A full-length sequence of Le.RabS was obtained after the 5'RACE. To clone 
the full-length sequence, ImProm-II™ reverse transcriptase (Promega) was first used 
for total cDNA synthesis from primordial RNA. The procedures were the same as in 
the usage information. The RT product was undergone PGR amplification of Le.RabS. 
The PGR masteraiix consisted of 1 Pfu polymerase lOX buffer, 0.2 dNTP mix, 
gene specific 5，and 3，primer, 2 i^l RT product and 6.5 \i\ ultra-pure water. The 
reaction needed to be "hot start" with 0.1 |il Pfu polymerase. For the cloning of 
Le.RabS, the forward primer was (5'-CATGCCATGGAAACTCCACGTCTT-3'). 
While the reverse primer was (5'-CGGGATCCTTTTCGAATAAAGT-3'). PGR 
program started with 94°C 2 min, followed by 30 cycles of 94°C 30 sec, 50°C 30 sec 
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and 72°C 10 min. The program ended with incubation of 72°C 10 min. The PCR 
reaction repeated once again using the PCR product as the template for 
re-amplification. Full-length Le.Rab5 was cloned to pGADT7 vector by a restriction 
digestion of BamHl and EcoRl. The mastermix for restriction digestion of Le.RabS 
insert was composed of 8 |il lOX One-Phor-All buffer, 2 BamHl and EcoRl 
respectively and 28 |il Le.RabS cDNA. The mastermix for digesting pGADT7 was 
composed of 2 \i\ lOX One-Phor-All buffer, 0.5 i^l BamHl and EcoRI, 1 ultra-pure 
water and 6 pGADTT plasmid. It was incubated at 30°C for 3 hrs and 65°C 10 min 
for inactivation of restriction enzymes. The mastermix of ligation was composed of 13 
III digested Le.RabS’ 4 digested pGADT? vector, 2 lOX T4 DNA ligase buffer 
and 1 |il T4 DNA ligase. The ligation was carried out at 16°C overnight. The general 
cloning confirmations followed: transformation to DH5a E.coli cells and selection on 
plates, screening PCR of colonies and sequencing. The Le.Rab5-pGADT7 was used 
for subsequent in vitro protein interaction assay. 
2.2.3 In vitro protein-protein interaction assay 
2.2.3.1 Plasmid extraction from E.coli 
The plasmids of Le.Rab!-i^QBYJ：!, Le.Rab S-i^QADll and 
丄e.iL4CX/-pGADT7_Ree were transformed to DH5a E.coli cells by heat shock 
transformation and grown on antibiotic containing plates. Single colony was picked 
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and inoculated into LB broth containing the respective antibiotics. After 18-hr 
incubation, the plasmids were extracted from cells using Wizard plus SV minipreps 
DNA purification system (Promega), following the general procedures described in 
the user manual. The concentrations and qualities of the plasmid extracted were 
checked by Gene Quant II (Pharmacia Biotech). In order to have a reasonable yield in 
the translation reaction, the concentration of plasmid should not be less than 1 fig/|il. 
2.2.3.2 In vitro translation 
The translations were carried out using TNT® T7 polymerase-coupled 
recticulocyte lysate system and transcend tRNA chemiluminscent non-radioactive 
detection system (Promega) as described by the manufacturer. However, the amount 
of tRNA added to the reactions was doubled from 0.5 \i\ to 1 |il in 25 i^l reaction to 
increase the intensity of signals. After 90-min incubation at 30�C，2 |xl translation 
product was loaded with 6X SDS loading buffer. The proteins were separated by 
SDS-PAGE electrophoresis and were transferred to nitrocellulose membrane in 
Western blotting. The signals were developed by transcend™ non-Radioactive 
Translation detection systems (Promega). 
2.2.3.3 In vitro co-immunoprecipitation 
The in vitro co-immunoprecipitation assay was done using the 
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MATCHMAKER Co-IP kit (Clontech). The procedures were similar as described in 
the user manual. Rab proteins, Le.RabS and Le.Rab?, were incubated in 100 \M GTP 
at 30�C for 1 hr prior to the binding of two proteins. Le.RabS and Le.RACKl were 
added in excess and the time for binding of two proteins and incubation of antibody 
was lengthened to 2 hours. Protein A beads, which were used for bounding the 
antibody-protein conjugate, were incubated at 4�C overnight. The unbound proteins 
were removed by series of washing by washing buffer 1 and 2 several times. The 
bound proteins were separated by SDS-PAGE and visualized by chemiluminscent 
detection system. 
2.3 Results 
2.3.1 Yeast two-hybrid analysis by yeast mating assay 
2.2.1.1 Confirmation of the clones Le.Rab7'pGBKT7 
2.3.1.1.1 PCR screening for positive transformants 
Le.Rab7-pGBKT7 was prepared by Choi, P.P. previously. In order to 
validate the plasmids, 7 clones of full-length Le.Rab? were transformed into DH5a 
E.coli cells and grown on LB 50 |xg/ml kanamycin (LBK) selection plates. 4 clones of 
transformed cells were selected on each plate (total 28 clones) for PCR screening. All 
28 clones had similar sizes, indicating that they were all positive transformants. Five 
clones were selected for subsequent studies. 
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2.3.1.1.2 Plasmid preparation and confirmation of transformants 
Clones selected were grown in LBK medium. After plasmids were prepared, 
the inserts were confirmed by digestion with 2 restriction enzymes, Pstl and BamHl to 
determine the sizes of fragments. The two restriction cutting sites were the cloning 
site of Le.Rab?. All 5 clones had the fragments' size of about 700 base pairs and these 
were similar to the sizes of our target insert Le.Rab? (Fig. 2.7). Thus, all samples 
should contain the desired inserts. 
1 2 M1M24 5 6 
^ — — > 2 kb 
^ bp • 
Fig. 2.7 Restriction digestion of 5 Le.Rab7-pGBKT7 clones using Pstl and 
BamHl. 
M,, 1 kb DNA ladder; M2, 100 bp DNA ladder; Lanes 1 ,2 ,3 , 4，5，the 5 clones selected in the 





5 clones oiLe.Rab? gene were sequenced. Sequences were analyzed by ABI 
PRISM DNA sequencing analysis software (Applied Biosystems) and edited using 
SeqEd™ software (v. 1.0.3，Applied Biosystems). The edited sequences were searched 
for identity by BLASTX ofNCBI. Sample 4 had a sequencing error (contained many 
unknown nucleotides in sequence) due to contamination of DNA template. Sample 1， 
2, 3 and 5 were found to contain the Le.Rab? gene with the correct size and reading 
frame. 
Table 2.4 Sequencing and BLASTX search results for 5 clones of Le.Rab7. 
Sample 4 had a sequencing error which the nucleotides could not be identified. 
Clone BLASTX result p-value 
1 Ras-related protein Rab7 e-106 
[Lentinula edodes\ 
2 Ras-related protein Rab7 3e-94 
[Lentinula edodes] 
3 Ras-related protein Rab7 9e-75 
[Lentinula edodes] 
‘ 4 Sequencing error was occurred 
5 Ras-related protein Rab7 e-110 
[Lentinula edodes] 
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2.2.1.2 Confirmation of protein expression in yeast 
2.3.1.2.1 Yeast transformation 
Samples 1，2，3 and 5 were chosen to transform Le.Rab? into yeast cells by 
the LiAc/PEG method. The transformed cells were grown on synthetic tryptophan 
dropout plates and four clones for each sample (total 16 clones) were picked screened 
by PCR. The PCR products were undergone gel electrophoresis using 1.5% agarose 
gel. Most of the clones contained correct sizes of insert. The sizes of PCR product 
were about 900 bp long due to the presence of vector sequence. Clones 9，12, 13，17， 
19 and 20 had the brightest bands, indicating high concentrations of PCR products. 
They were chosen for confirming the protein expression in yeast. 
M 9 12 13 17 19 20M 
^ ^ 900 bp 
Fig. 2.8 PCR screening of 16 transformed yeast cells after yeast transformation. 
Lane 9，12,13，17，19,20, the 6 clones which were chosen for subsequent procedures due to the higher 
intensities of bands, were observed in gel electrophoresis; M, 100 bp DNA ladder. 
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2.3.1.2.2 SDS-PAGE and Western blotting of Le.Rab? in yeast 
Protein was extracted from yeast by TCA method. Protein extracts and 
marker were separated in SDS-PAGE electrophoresis, the gel was stained in 
Coomassie Blue to show the presence o f proteins (Fig. 2.9A). The expression o f the 
Le.Rab? in yeast was confirmed by Western blotting (Fig. 2.9B). The anti-c-Myc 
polyclonal antibody was used to bind Le.Rab? protein tagged with c-Myc. All signals 
developed were strong, indicating that Le.Rab? expression in yeast was high. 
Moreover, below the bands representing target proteins, there were signals having 
lower molecular weights. The two different-sized protein bands maybe the 
phosphorylated and unphosphorylated form o f Le.Rab?, which have different 
mobilities. 
A. 1—2 一 3 4 5 6M B. 1 2 3 4 5 6 M 
Fig. 2.9 Protein expression of Le.Rab7 in yeast. 
5 |il of protein extract were added to each lane. Lane 1, 2, 3, 4，5, 6, the 6 clones selected in yeast 
transformation. M, protein marker (A) SDS-PAGE of the protein extracted from yeast. The gel was 
stained with Coomassie blue. (B) Western blot analysis for detection of c-Myc-tagged Le.Rab? proteins. 
Antibody used was anti-c-Myc polyclonal antibody; 
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2.2.1.3 Yeast two-hybrid screening by yeast mating assay 
After the yeast mating between yeast strain AH 109 and Y187, each carrying 
library and bait plasmid respectively, the cells were grown on triple dropout (TDO) 
and quadruple dropout (QDO) medium. Since cells grown on QDO plates allowed a 
higher stringency of selection, clones on QDO plates were selected in priority for 
subsequent confirmations. Starting from the 3rd day, colonies appeared on the plates 
and were restreaked on new QDO plates for growth. After 5 days, 420 clones were 
selected and restreaked for identification. In order to prove the effectiveness of 
AD-library for yeast two-hybrid screening, transformation efficiency and number of 
clones screened by the library were calculated (Table 2.5). It gave satisfactory results 
based on these two criteria. 
For the negative control (AH 109 strain with cDNA library without mating), 
no colonies were observed on both TDO and QDO plates. So we can conclude that the 
yeast two-hybrid system worked. 
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Table 2.5 Transformation efficiency and number of clones screened by 
AD-library 
Transformation efficiency of AD-library 2.5x1 O^ x 1310 
(expected result: > 1x10^ transforaiants/ = 3.28x 10^transfonnants/ 3 AD 
3ug AD vector) vector 
No. of clones screened per library 2.5x 1O^  x 420 
(expected result: > 5x10^ clones/library) = 1.050 x 10? clones/ library 
2.2.1.4 Identification of Prey 
2.3.1.4.1 PCR screening for clones grown on plates 
The clones selected on QDO plates were screened by PCR to determine the 
sizes of preys cloned into AD cloning vector. By observing the sizes of bands, 3 main 
types of inserts in yeast colonies could be found. 
For clones showing no bands in PCR screening, they were assumed to be 
false positives. Their growth on the QDO plate was presumably supported by the 
diffusion of nutrients from the positive colonies. 
‘ For clones showing double bands with different sizes, it maybe due to 
transformation of more than one library plasmid into a yeast cell. Thus, the activation 
of reporter genes by protein interaction between Le.Rab? and library protein was not 
accurate. It was possible that both or either prey proteins in the yeast cell interacted 
with bait protein. 
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For clones showing a single band with the size normally more than 800 bp, 
they should have a single insert cloned onto the AD cloning vector. The sizes of 
inserts varied from about 800 base pairs to more than 1400 base pairs, because the 
cDNA was randomly inserted to the vectors. The clones with the size more than 800 
base pairs were selected for colony filter lift assay. The distances of the 2 primers (T7 
and AD sequencing primers) from the multiple cloning site in the vector, were about 
200 bp respectively. Just take a band having 800 bp size as an example. The actual 
size of insert was actually about 800-400= 400 bp only. Thus, sizes of band larger 
than 800 bp were chosen as the prey plasmid had a higher chance to contain a 
full-length gene and could be easier identified in the homology search. Consequently, 
143 out of 420 clones were chosen for subsequent confirmations. The different types 
of yeast colonies were shown in Fig. 2.10. 
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Fig. 2.10 PCR screening for identification of inserts and sizes of prey inserts in 
yeast colonies obtained in yeast mating approach. 
Lane 2, an example of a "false positive" clone lacking library insert; Lane 11, an example of a clone 
having 2 library inserts; Lane 16，an example of a clone having library insert larger than 800bp which 
were chosen for confirmation; Mi, lOObp DNA ladder; M2, Ikb DNA ladder 
2.3.1.4.2 Colony lift assay 
The clones selected in screening PCR were first restreaked on a new QDO 
plates. And each plate contained 8 different clones. Clones having blue color 
development represented the interaction between bait and prey plasmids for the 
activation of transcription of lacZ gene (Fig. 2.11 A). These clones were selected for 
sequencing to identify the preys. 
95 out of 143 clones had positive results in the filter assay. Both positive 
and negative controls had positive and negative results respectively (Fig. 2.1 IB and 
2.11C), so filter assay worked in confirmation of interactions. 
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Fig. 2.11 Colony lift filter assay of yeast colonies. 
Blue color development indicated the clones having transcriptional activation of LacZ gene. (A) 8 prey 
colonies were resteaked on a plate and were transferred to filter paper for the assay. Black lines in the 
diagram were processed in the computer showing the distribution of clones. (B) Positive control of 
interaction between pGBKT7-53 and pGADT7-RecT. (C) Negative control of interaction between 




95 clones were chosen for sequencing. After sequences edited by software 
SeqEd™ software, 85 clones were identified in BLASTX search. While 11 clones 
were selected in subsequent confirmation, the selection criteria were based on low 
p-values and correct reading frames of translated sequences. The 11 clones were 
divided into 3 main groups, "cell-division control protein homologues，，(Table 2.6), 
"GTP-binding protein homologues" (Table 2.7) and "other protein homologues" 
(Table 2.8), which were not specifically grouped. 
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Table 2.6 3 out of 11 clones used in subsequent confirmation were grouped as 
“cell-division related protein homologues，，. 
p-values and sizes of candidate genes were shown. 
Protein Organism Length (bp) p-value 
Probable cell Neurospora 759 3e-99 
division control crassa 
protein; 
Cdcl2 
ClastS protein Mus musculus 765 3e-17 
Clast3 protein Mus musculus 760 le-16 
Table 2.7 3 out of 11 clones used in subsequent confirmation were grouped as 
"GTP-bindmg protein homologues". 
p-values and sizes of candidate genes were shown. 
• Protein Organism Length (bp) p-value 
Guanine Lentinula edodes 1051 0.0 
nucleotide 
binding protein 
beta subimit 1 
GTP-binding Schizosaccharomyces 729 5e-54 
protein; Ypt5 pombe 





Table 2.8 3 out of 11 clones used in subsequent confirmation were grouped as 
"other protein homologues". 
p-values and sizes of candidate genes were shown. 
Protein Organism Length (bp) p-value 
Repressed during Saccharomyces 9 1 2 2e-63 
logarithmic phase cerevisiae 




Cytoplasmic protein Saccharomyces 588 3e-36 
involved in release of cerevisiae 
transport vesicles 
from the ER; 
Secl3p 
Damage response Saccharomyces 676 6e-24 





Grpe protein Schizosaccharomyces 111 4 e -21 
homolog pomhe 
RNA-binding protein Persea americana 750 le-18 
precursor 
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2.3.2 Confirmation of interactions by co-transformation assay 
2.2.2.1 Yeast two-hybrid analysis by co-transformation assay 
For those preys suspected to be the true-interacting proteins with Le.Rab? 
after the identification by BLASTX search, plasmid preparation from yeast was 
performed. The bait and prey plasmids which were co-transformed into yeast strain 
AH 109 simultaneously, were grown on QDO plates and incubated at 30°C for 3-5 
days. Colonies appeared in all samples, indicating that protein-protein interaction also 
occurred in co-transformation assay. 
Colonies also appeared in the positive control. Moreover, there was a 
negative control to co-transform 丄e.及a67-pGBKT7 and pGADT7 with no prey inserts. 
Colonies also appeared in this negative control but the number of colonies was 
significantly less than that of co-transformation of prey plasmids and 
Le.Rabl'^GmiTl. 
2.2.2.2 Colony lift filter assay 
Colonies grown on QDO plates after co-transformation were directly 
analyzed with the colony filter assay. The positive control showed blue color 
development, no blue color was observed in negative control and the control with 
only the prey transformed. 9 out of 11 clones showed blue color development, 
indicating positive interaction between bait and particular preys. The filter papers 
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after blue color development were similar as shown in section 2.3.1.4.2. The 9 clones 
that had positive results in confirmation by co-transformation assay and subsequent 
colony lift filter assay were shown in Table 2.9. 
Table 2.9 After the co-transformation assay of yeast two-hybrid system, 9 
out of 11 clones had positive results in colony lift filter assay. 
Clone no. Protein homologues p-valuc 
333 Guanine nucleotide binding protein beta subunit 1 0.0 
243 GTP-binding protein; Ypt5 5e-54 
392 Clast3 protein 3e-17 
404 . le-16 
318 Probable cell division control protein; Cdc 12 3e-99 
378 Cytoplasmic protein involved in release of transport 3e-36 
vesicles from the ER; Secl3p 
309 RNA-binding protein precursor le-18 
3 61 Grpe protein homolog 4e-21 
101 Repressed in logarithmic phase and highly expressed 2e-63 
during stationary phase; Bat2p 
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2.2.2.3 Selection of prey plasmids for in vitro binding assay 
Altogether 8 different clones were confirmed to interact with Le.RabT. I 
selected 3 putative interacting partners, namely, guanine nucleotide binding protein 
beta subunit 1 (G 冷 1)，GTP-binding protein Ypt5 and Clast3 protein for subsequent 
protein interaction assays. 
ClastS is a novel gene that is identified a few years ago. The exact function 
of ClastS is unknown, but ClastS gene expression is closely associated with cell 
growth (Bahar et al., 2002). Since the relatively poor p-value and little research 
conducted on this gene, it was not included in subsequent confirmations. 
Guanine nucleotide binding protein beta subunit 1 (GyS 1) was previously 
identified by in the Expressed Sequenced Tags study. The clone identified in the yeast 
two-hybrid screening matched exactly with it and had a full-length cDNA sequence. 
However, it was found to be more similar to RACKl (Receptor for Activated C-kinase 
1). Thus, we named this gene as Le.RACKl {Lentimla RACKl) (Fig. 2.12). 
The other clone which was identified was highly similar to 
Schizosaccharomyces pombe Ypt5. It is a homologue of Rab5’ a mammalian protein 
apparently involved in regulating fusion of early endosomes (Armstrong et al” 1993; 
Seachrist and Ferguson, 2003); therefore, the clone was named as Le.RabS {Lentimla 
Rab5) (Fig. 2.13). Nevertheless, the sequence obtained in the clone was not in 
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full-length and we decided to perform the 5' RACE before the experiment in vitro 
protein interaction assay. 
1 a c c t c c a a a a a a t g a c a g a a t c t t t g c g g t t c c t t g g t t c c c t c a c c g g t 
M T E S L R F L G S L T G 
51 c a c a a a g g a t g g g t c a c t g c c a t c g c c a c t t c a t c c g a g a a c c c a g a t a t 
H K G W V T A I A T S S E N P D M 
1 0 1 g a t t c t c a c t g c t t c c a g a g a c a a a a c a a t c a t t g t c t g g c a g c t c a c a c 
I L T A S R D K T I I V W Q L T 
1 5 1 g a g a c g a t g a c t c c t a t g g c t a c c c a a a a c g t a t t c t c c a a g g c c a t a a c 
R D D D S Y G Y P K R I L Q G H N 
2 0 1 c a c t t t g t a t c c g a c g t c g t c a t c t c t t c t g a c g g t c a a t t c g c c c t t t c 
H F V S D V V I S S D G Q F A L S 
2 5 1 t t c g t c c t g g g a c c a c a c a t t a c g a c t t t g g g a c c t g a a c a c t g g a c t c a 
S S W D H T L R L W D L N T G L 
3 0 1 c g a c g c g t c g a t t t g t t g g g c a t a c t t c t g a c g t c t t g t c c g t c a g t t t c 
T T R R F V G H T S D V L S V S F 
3 5 1 a g c g c t g a c a a t c g t c a a a t c g t c t c t g g a t c g c g c g a c a a g a c c a t c a a 
S A D N R Q I V S G S R D K T I K 
4 0 1 a c t g t g g a a t a c c c t t g g a g a a t g t a a a t a c g a t a t c a a a g a t g a t g g c c 
L W N T L G E C K Y D I K D D G 
4 51 a c t c t g a g t g g g t a t c c t g t g t t c g a t t c a g c c c g a a c g t c a t g a a c c c g 
H S E W V S C V R F S P N V M N P 
5 0 1 g t a a t t g t g t c t t c t g g a t g g g a c a a g g t c g t c a a g g t c t g g g a g c t t t c 
V I V S S G W D K V V K V W E L S 
5 5 1 g a a a t t c a a g c t c a a a a c c a a c c a c t a t g g t c a c a c t g g c t a c a t c a a c a 
K F K L K T N H Y G H T G Y I N 
601 c c g t c t c c g t a t c a c c c g a t g g t t c g c t t g c a g c t t c c g g a g g c a a g g a t 
T V S V S P D G S L A A S G G K D 
651 g g t a t c a c c a t g c t a t g g g a c c t c a a t g a g g g t a a a c a c c t c t a t t c t c t 
G I T M L W D L N E G K H L Y S L 
- 7 0 1 t g a g g c t g g t g a t a t t g t c a a c g c g c t t g t c t t c t c c c c c a a c c g a t a c t 
E A G D I V N A L V F S P N R Y .. 
7 5 1 g g c t c t g t g c a g c a a c t g c c a g c t g t g t c a a a a t c t t c g a c c t g g a a a g c 
Fig. 2.12 Full-length cDNA sequence of Le.RACKl. 
The amino acid sequence was below the nucleotide sequence. The ATG codon is underlined in red. 
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K S I V D E L K P A Y A E E G G R 
8 5 1 GCAGCCTGAATGTGTCTCCATTGCATGGTCTGCTGATGGGCAGACTTTAT 
Q P E C V S I A W S A D G Q T L 
9 0 1 T CGCTGGTTTTACTGATAACTGTCTCCGCGTCTGGACCGTTACTTCATAG 
F A G F T D N C L R V W T V T S * 
9 5 1 TTTTTGTACATTATTTGACGTGTGTAGGCAGGTTCTGCCAGCCTCAATAT 
F L Y I I * R V * A G S A S L N I 
1 0 0 1 TAT CCAAAAT CTAT GAT CT CCACGGAT CCAT CGAGCT CGAGCT GCAGAT G 
I Q N L * S P R I H R A R A A D 
1 0 5 1 AATCGAGATACAAAACCCGC 
E S R Y K T R 
Fig. 2.12 cont'd 
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1 T T C6TGAA66ACCAAT T CGATGACTACCGGGAAAGTACCATT GGCGCT GC 
F V K D Q F D D Y R E S T I G A A 
5 1 TTTCCTCACGCAAACTGTGACGCTCGAGGACCAAACCACAGTCAAGTTTG 
F L T Q T V T L E D Q T T V K F 
1 0 1 AGATAT GGGATACT GCT GGGCAAGAAAGATACAAGT CGCT GGCCCCAAT G 
E I W D T A G Q E R Y K S L A P M 
1 5 1 TATTACCGGAATGCCAACTGTGCGGTCGTAGTATATGATATCACCCAGTC 
Y Y R N A N C A V V V Y D I T Q S 
2 0 1 AGCATCACTAGAGAAAGCTCGCAATTGGATCCGTGAACTACAACGTCAAG 
A S L E K A R N W I R E L Q R Q 
2 5 1 CCGACCCCT CAATAGT GATT GCT CTTT GT GGAAATAAAT CAGAT CGT T CC 
A D P S I V I A L C G N K S D R S 
3 0 1 GCT CGCC6T CA66T CT C6GAG6AA6A6GCCAAGAAATAT GCT GAGGAAGA 
A R R Q V S E E E A K K Y A E E E 
3 5 1 A6GACT6ATGTGGGCAGAAACTA6TGCAAAGACTGGCGAGGGTGTATC6G 
G L M W A E T S A K T G E G V S 
4 0 1 AGATTTTTACCGCTATAGCGAAGAAATTACCCCTGACTGCACCTCCATCG 
E I F T A I A K K L P L T A P P S 
4 5 1 GCCAGAACTGGTGCAGGTCGCGCACCGACAGGTCCCAAGTCAGTGGATCT 
A R T G A G R A P T G P K S V D L 
5 0 1 TAACAAGCAGCCG6CGGGTCAGAACTCCAATGAACCATGTAATTGCTAAT 
N K Q P A G Q N S N E P C N C * 
5 5 1 CTTAATAAGTCTTCATCCCTCTTCCATGCATCTTGCATTTACCTCTATGT 
S * * V F I P L P C I L H L P L C 
6 0 1 TACCTCTTTTATTCTGTAACATAACATTAATTTTGGTATTGACCGTGTTC 
Y L F Y S V T * H * F W Y * P C S 
6 5 1 ACTGGATGTTGACTATAGACTGGTTATTCATCAAGGTTGTTCATCAACTT 
L D V D Y R L V I H Q G C S S T 
7 0 1 TATTCGJVAAAAAAAAAAAAAAAAAAAAAA 
� L F E K K K K K K K 
Fig. 2.13 Partial cDNA sequence of Le.Rab5. 
The amino acid sequence was below the nucleotide acid sequence. There was an absence of ATG codon 
at the beginning of sequence. 
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2.3.3 Rapid amplification of cDNA ends (RACE) 
In order to find the 5’ missing sequence of Le.RabS, 5’ RACE was 
performed. The samples were run in a 1.5% agarose gel electrophoresis. There was no 
band in the outer 5' RACE PCR product (Fig. 2.14, lane 1). After the first round 
nested PCR for 5'RACE, it was found that there was a weak band of about 500 bp 
(Fig 2.14，lane 2). Thus, same PCR reaction was performed again for reamplification 
using the first round PCR product as the template. As a result, the band intensity of 
PCR product was much higher than the previous one (Fig 2.14, lane 5). 
2.2.3.1 TA cloning of RACE product and sequencing 
The RACE PCR product was then subjected to TA cloning into TA TOPO® 
cloning vector. Screening PCR was performed for the colonies grown after the TA 
cloning. Most of the colonies contained the inserts which the sizes were similar to the 
r a c e PCR product. Clones 8 (lane 8)，12 (lane 12) and 13 (lane 13) were randomly 
picked for sequencing (Fig 2.15). After analyzing and editing the sequence, all the 3 
clones had positive results. There was a discovery of 162 bp at the 5' end of partial 
sequence of Le.RabS by the 5' RACE. Moreover, they could align with the partial 
Le.RahS sequence and ATG codon was present at the 5' end. The full-length cDNA 
sequence of Le.RabS was shown in Fig. 2.16. 
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M 1 2 5 
• 
Fig. 2.14 5，RACE PGR for Le.Rab5 gene. 
Primordial RNA of L. edodes was used in the RLM-RACE reaction. Lane 1，outer 5' RACE PGR; Lane 
2, ist round of inner 5，RACE PGR; Lane 5， r o u n d of inner 5’ RACE PGR; M, 100 bp DNA ladder 
M 8 11 12 
P P f — m P P P — 
Fig. 2.15 Screening PGR of colonies after TA cloning of 5，RACE product of 
Le.Rab5, 
Lane 8 ,11 ,12 , colonies were chosen for subsequent sequencing of inserts; M, 100 bp DNA ladder 
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1 CGCGQATCCQAACACTQCCHTTQCrQQCTTTGATGAAAACTCCACGTCTT 
~ r “ “ g s “ “ £ " “ “ h c ― “ v “ “ c " “ w — l • " ” “ “ k " “ l " “ h v “ “ “ l 
51 QACCTTTQATACAQTOTQCQCACTQCCATTCtACGACCATGTCCAAQCAAT 




~ l • " “ v " “ l ~ f v k d q f d d y r e s t 
201 CATTGOCGCTGCTTTCCTCACOCAAACTGTSACGCTCSAOGACCAAACCA 
i g a a f l t q t v t l e d q t 
251 CA6TCAA6TTT0A6ATAT0G6ATACT0CT006CAA6AAA6ATACAA0TCG 
t v k f e i w d t a g q e r y k s 
301 CT6GCCCCAATGTATTACC66AAT6CCAACTOT0C6GTCGTAOTATAT6A 
l a p m y y r n a n c a v v v y d 
351 TATCACCCAOTCAOCATCACTAGU^GAAAGCTCQCAATTOQATCCOTSAAC 
i t q s a s l e k a r n w i r e 
401 t a c a a c q t c a a 6 c c 0 a c c c c t c a a t a g t g a t t g c t c t t t g t g g a a a t a a a 
l q r q a d p s i v i a l c g n k 
451 TCAOATCTTTCCOCTCOCCOTCAGCrrCTCOaAOaAAGAOOCCAASAAATA 
s d l s a r r q v s e e e a k k y 
501 T6CT6A06AA6AA06ACT6ATGT066CA0AAACTAGT6CAAAaACT0QCG 
a e e e g l m w a e t s a k t g 
5 5 1 AOOOrGTATCOaAaATTTTTACCOCTATAOCOAAOAAATTACCCCTOACT 
e g v s e i f t a i a k k l p l t 
601 6 c a c c t c c a t c 0 g c c a g a a c t g g t g c a g g t c 6 c g c a c c g a c a g o t c c c a a 
a p p s a r t g a g r a p t g p k 
651 6TCA6T66ATCTTAACAA6CA0CC06C66GTCA6AACTCCAATGAACCAT 
s v d l n k q p a g q n s n e p 
701 GTAATTGCTAATCTTAATAAQTCTTCATCCCTCTTCCATOCATCTTOCAT 
c n c * s * * v f i p l p c i l h 
751 TTACCTCTATQTTACCTCTTTTATTCTGTAACATAACATTAATTTTGCrrA 
l p l c y l f y s v t * h * f w y 
801 TT6ACCGTGTTCACTGGATOTTGACTATAOACTQQTTATTCATCAAGGTT 
* p c s l d v d y r l v i h q g 
8 5 1 GTTCATCAACTTTATTCOAAAAAAAAAAAAAAAAAMVAAAA 
c s s t l f e k k k k k k k •. 
Fig. 2.16 Full-length cDNA sequence of Le.Rab5. 
The amino acid sequence was below the nucleotide sequence. The nucleotide sequence underlined in 
black was the sequence obtained in 5' RACE. The ATG codon is underlined in red. 
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2.2.3.2 Cloning of full-length Le.RabS 
Through the general cloning procedures from total cDNA in primordial 
stage, an intense band of size 800 bp was cloned after the round PCR 
amplification using round PCR product as the template (Fig. 2.17). After the 
restriction digestion and ligation to pGADT7 vector, it was confirmed by selection on 
antibiotic resistance plate, screening PCR and sequencing. The Le.RabS insert was 
cloned into the pGADT7 vector. 
M 1 
I 
Fig. 2.17 Cloning of full-length Le.Rab5 from total cDNA of primordium. 
Lane 1, the cDNA Le.RabS after 2"'' round PCR amplification; M, 100 bp DNA ladder 
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2.3.4 In vitro protein-protein interaction assay 
Co-immunoprecipitation was used to confirm the protein interactions in 
vitro. The Le.Rab? and Le.RACKl have already cloned to pGBKT7 and pGADT7-Rec 
respectively, which are ready for in vitro translation. The full-length sequence of 
Le.RabS was cloned from the total cDNA of the primordial stage into the pGADT7 
vector. The 3 proteins were translated in vitro using TNT® T7 polymerase-coupled 
recticulocyte lysate system (Promega). In the co-immunoprecipitation experiments, 
Le.Rab? and Le.RabS were loaded with 100 i^M GTP prior to the incubation of two 
interacting proteins. The procedures of the experiment were described in the Materials 
and methods. The results the in vitro interaction of Le.Rab? and Le.RabS was shown 
in Fig. 2.18A. Le.RabS was simultaneously pulled out with Le.Rab? by c-myc 
antibody (Lane 1), while it could not bind to Le.Rab? without GTP incubation (Lane 
2). The results of in vitro translation were shown in lane 4 and 5. Similarly, the 
interaction between Le.Rab? and Le.RACKl was shown in Fig. 2.18B. Le.RACKl 
could also bind to Le.Rab? in the presence of GTP incubation but no Le.Rackl was 
present in the pulled-out mixture without GTP-Le.Rab7. In vitro translated 2 proteins 
were respectively shown in lane 4 and 5. In both co-immunoprecipitation experiments, 
the band intensities of Le.RabS and Le.Rackl were much weaker than that of 
Le.Rab?. 
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Fig. 2.18 In vitro co-immunoprecipitation (Co-IP) protein-protein 
interaction assay. 
Le.RabT was tagged with c-Myc epitope (A) In vitro Co-IP between Le.Rab? and Le.RabS. Lanes 4 
and 5 show in vitro translated Le.RabS and Le.Rab? respectively. Lane 1 and 2 represent the Co-IP 
reactions with or without 100 f iM GTP incubation of Rab proteins prior to the mixing of proteins and 
precipitation by c-Myc antibody. Le.RabS and c-Myc tagged Le.Rab? were pulled out by antibody in 
lane 1 only 
(B) In vitro Co-IP between Le.Rab? and Le.RACKl. Lanes 4 and 5 show in vitro translated Le.Rab? 
and Le.RACKl. Lane 1 and 2 represent the Co-IP reactions with or without GTP incubation prior to the 
mixing of two proteins and precipitation by c-Myc antibody. Le.RACKl and Le.Rab? were pulled out 
by antibody in lane I only. 
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2.4 Discussion 
Yeast two-hybrid analysis was used to isolate the interacting partners of 
Le.Rab?. It was screened against prey proteins of cDNA library from the primordial 
stage, which is the initial stage of fruiting cycle (Kiies, 2000). After the selection on 
nutrient dropout medium, PCR screening, ^ -galactosidase colony lift filter assay, 
about 90 clones were selected for sequencing. The interactions were confirmed by 
co-transformation assay and filter assay. Consequently, 9 clones were obtained and 
were of wide variety, which were divided into "cell-division control protein 
homologues", "GTP-binding protein homologues" and other protein homologues. 
However, only the clones having a high homology to Schizosaccharomyces 
pombe Ypt5 and guanine nucleotide-binding protein p subunit were chosen for the 
confirmation by in vitro protein interaction assay. The other 7 clones were not studied 
because of their low possibility of interaction in L edodes based on the information in 
other research. For example, a clone that had a high homology to Saccharomyces 
cerevisiae seclSp was isolated. It encodes a cytoplasmic protein involved in release of 
transport vesicles from the ER (Sihn et al., 2005), while Rab7 involves in endosomal 
trafficking in later stage of endocytosis. The results of yeast two-hybrid screening 
revealed the weaknesses of this method. 
Since the screening assayed all combinations of protein-protein interactions 
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between cDNA library and bait proteins, a chance of identifying artificial partners 
existed. Thus, it is possible that the interacting proteins are never in close proximity to 
each other within the cell. The two proteins could be expressed in different cell types, 
or even when found in the same cell they could be localized in distinct subcellular 
compartments. So once two interacting partners are identified, the biological 
relevance of this interaction remains to be determined (Phizicky and Fields, 1995). 
Another obvious critique is the use of artificially made fusion proteins. The fusion 
might change the actual conformation of the bait and/or prey. This misconforaiation 
might result in a limited activity or the inaccessibility of binding sites. It should be 
noted the system needs the fusion proteins to be targeted to the yeast nucleus, it might 
also be a disadvantage for extracellular proteins or proteins containing strong 
targeting signals. Moreover, only one of six fused cDNAs is in the correct frame in the 
traditional two-hybrid library preparation,, this greatly increase the number of clones 
screened in order to find correct ones (Hengen, 1997). 
For the prey plasmids from the cDNA library, many isolates may not 
represent full-length cDNA. Indeed, it has been shown that subdomains may interact 
better than full-length clones, probably reflecting domain function during folding of 
the protein (Drees, 1999). The best solution to this problem is to clone full-length 
cDNAs in the correct open reading frame. Thus, full-length sequence of Le.RabS was 
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obtained by 5'RACE and was cloned to a vector for in vitro protein interaction assay. 
One disadvantage of assaying protein-protein interaction in heterologous 
system is that some interactions depend upon posttranslational modifications that 
might occur in yeast inappropriately. In order to confirm the interactions, 
co-immunoprecipitation was used. The bait and prey proteins were first translated 
using rabbit recticulocyte. in vitro translation can get rid of posttranslational 
modifications by yeast as well as incorrect reading frames. Moreover, the binding of 
two proteins in co-immunoprecipitation is only due to direct physical interaction, 
which can eliminate false positives in the two-hybrid system. Two interacting partners 
with Le.Rab? had positive results in the experiments. However, the band intensities of 
Le.RabS and Le.Rackl were much weaker than that of Le.Rab?. It may be due to 
different translation efficiencies of the proteins on different vectors. Thus the amounts 
of the proteins interact with Le.Rab? was much less than Le.Rab?. 
By the ESTs study, a -gene encoding Rab7, which functions in the 
endosomal fusion and involves in the trafficking in later stages of endocytosis, was 
isolated. It gives us an insight into the existence of endocytosis in L edodes. Two 
interacting proteins, Le.RabS and Le.RACKl, were obtained in the protein interaction 
assays. Le.Rab5 was found to have high similarity to Schizosaccharomyces pombe 
Ypt5, a homologue of Rab5, a mammalian protein apparently involved in regulating 
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fusion of early endosomes (Armstrong et al, 1993; Seachrist and Ferguson, 2003). 
The other interacting protein was named as Le.RACKl (Receptor for Activated C 
Kinase-1), which was originally identified as a protein with sequence similarity to the 
guanine nucleotide-binding protein p subunit (Gerbasi et al, 2004). Rackl interacts 
with many cellular proteins with roles in signal transduction. Thus, it is perceived to 
function in a multitude of biological processes (McCahill et al.’ 2002). 
We believe that the mechanisms and functions of the interaction between 
Le.Rab? and its two interacting proteins are totally different. Participating in different 
stages of the endocytic pathway, Le.RabS and Le.Rab? may work together to control 
the endosomal trafficking from plasma membrane to final destinations, such as 
lysosome or vacuole. Recently, Rab5 has been shown to work in conjunction with 
Rab7 to transport the cargo from early endosomes to larger late endosomes via the 
loss of Rab5 and the concomitant acquisition of Rab7 (Rink et al., 2005). Moreover, 
they share the same GEF (guanine nucleotide exchange factor), the class C 
VPS/HOPS complex (Price et al, 2000). The association between these two Rab 
proteins may control the transport of proteins to the degradative pathway. Cargos 
destined for degradation, once having joined a Rab5-positive early endosome, remain 
associated with that endosome while Rab7 accumulates. This endosome eventually 
loses their Rab5 and further develops into late endosome. Consequently, cargos are 
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subjected to lysosomal degradation (Rink et al., 2005; Lakadamyali et al, 2006). In 
this way, Le.Rab? and Le.RabS may interact and function similarly to transport the 
cargos along different compartments, from the exchange of Le.RabS and Le.Rab? at 
the interface between early to late endosomes. 
RACKl is a receptor which was originally identified by its ability to bind to 
protein kinase C (Mochly-Rosen et al, 1995). It is also known as a scaffolding protein 
leading to antagonism of endogenous function (Whitmarsh et al, 1998). It works as a 
scaffold to enhance signaling at physiologic levels, causing sequestration or shifting 
of Rack 1-binding molecules such as PKC or Src into separate and nonfunctional 
signal-complexes. Recently, RACKl was suggested to facilitate cell cycle progression, 
cell proliferation, cell transformation, cell division and cell spreading. Additionally, 
RACKl may regulate the organization of actin cytoskeleton (Heraianto et al., 2002; 
McCahill et al., 2002; Choi et al.，2003). In L edodes’ we believe that Le.RACKl is 
transported to the cell through receptor-mediated endocytosis (Qualmann and Kessels， 
2002). Moreover, Rab protein interacts with its cargo receptor (van IJzendoom et al” 
2002). Thus, Le.RACKl may act as a cargo protein carried by endosomes md its 
interaction with Le.Rab? controls its destination inside the cell, either lysosomal 
degradation or recycling of the receptor. Le.RACKl may exert its effect on diverse 
cellular process in L edodes. 
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Chapter 3 Temporal and Spatial expression of 
Le.Rab7, Le.Rab5 and Le.RACKl 
3.1 Introduction 
Le.RabS and Le.RACKl interacted with Le.Rab? in the yeast two-hybrid 
analysis and were confirmed by in vitro co-immunoprecipitation. These three genes 
belong to GTP-binding proteins, which regulate a broad range of cellular events 
including cytoskeletal rearrangements, cellular trafficking, receptor-mediated 
communication, etc. (Neer, 1995; Leevers, 1996). Le.Rab? and Le.RabS belong to the 
Rab GTPases, which control endocytosis, exocytosis and membrane trafficking. 
Le.RACKl is heterotrimeric G protein P subunit-like and plays an important role in 
signal transduction, such as coupling with G protein-coupled receptors (GPCRs) 
(Pippig et al, 1993; Searchrist and Ferguson, 2003). The roles of these genes may 
help us understand the regulation of the cellular activities related to the fruiting 
regulation in mushroom. 
Endocytosis is a general cellular process in eukaryotic cells. Rab5 and Rab7 
are molecular switches, which regulate the assembly and disassembly of multiprotein 
scaffolds in the early and late stage of the pathway respectively (Pfeffer, 2003). 
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Tissue-specific mRNA expression profiling and hierarchical clustering methods 
revealed that Rab diversity during evolution of higher eukaryotes reflects a higher 
specialization of membrane trafficking pathways (Gurkan et al.’ 2006). Though Rab 
proteins maintain normal operations in exocytic and endocytic pathways, they show 
variable expression profiles. For example, expression of Rab5 isoforais up-regulated 
in developmentally distinct cell and tissue types, suggesting that the trafficking of 
early endosome were changed to endocytic pathway (Gurkan et al, 2006). Rabs were 
also shown to have different expression pattern in mammals. Rab 7 expressed 
differentially in rabbits of different diet conditions. When the rabbit was on the 
high-cholesterol diet, its mRNA expressed about 5 times stronger than normal in the 
liver cells, suggesting that the protein may work in cells with high metabolic rates 
(Kim et al., 2002). In the hypercholesterolemic rabbit liver, Rab7 was heavily 
expressed in endothelial cells and hepatocytes near the central veins compared to 
normal diet as shown in in situ hybridization, showing Rab7 expressed in specific 
localization in the organ. 
Expression profiling of signal transduction gene ras, which activated 
filamentous growth in heterobasidiomycete, was studied in L edodes (Lee and 
Kronstad, 2002; Tanaka et al, 2005). The hymenophore of gill tissue and stipe 
contained much higher level of transcript than the pileus, while the mRNA 
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localization of ras was detected at the outer region of trama and prehymenophore 
(Tanaka et 
In this chapter, the temporal and spatial expression patterns of transcripts 
were analyzed in different developmental stages by Northern blotting, quantitative 
reverse transcription PGR and in situ RNA-RNA hybridization. 
Northern blotting (Alwine et al.，1977) was used to determine the 
expression pattern of transcripts as well as the size of transcripts. The intensities of 
28S and 18S ribosomal RNAs can be used as controls for equal loadings of RNA. 
(Reue, 1998). The expression level of a transcript is quantified by the band intensity 
after X-ray autoradiography and analyzed by computer program. 
Quantitative RT-PCR, commonly known as real-time PGR, is also used to 
quantify gene expression (Gibson et al, 1996，Heid et al.’ 1996). It is sensitive, fast 
and able to detect rare transcripts and repeating sequence accurately. The reaction 
only needs small amount of total RNA. Gene expression level can be analyzed if only 
partial sequence of a gene is available (Stanton, 2001). 
There are many detection methods of real-time PGR, such as DNA binding 
dyes, hybridization probes, sunrise primers, molecular beacons, etc. (Wong and 
Medrano，2005). Among them, SYBR Green® is a kind of DNA binding dyes which 
is widely applied due to its low cost and readiness for use (Ramos-Payan et al, 2003). 
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Reverse-transcribed mRNA is amplified with gene-specific primers in the presence of 
a probe that contains a quenched fluorochrome. Signal appears owing to polymerase 
digestion (5' exonuclease activity of the enzyme) of the gene-specific probe and 
release of unquenched fluorescent dye. Thus, the fluorescence intensity increases 
proportionally to accumulation of double-stranded PCR product and is monitored 
continuously (real time) (Stanton, 2001). For gene expression experiments, 
fluorescence of a test probe is normalized against a reference probe, so called a 
house-keeping gene, to accurately compare RNA isolated from different samples. 
ARn value is the normalized magnitude of fluorescence signal generated by 
the given set of PCR conditions. The threshold cycle (Ct) is the cycle at which a 
statistically significant increase in ARn is first detected (usually 10 times the standard 
deviation of the baseline) (Wong and Medrano, 2005). The smaller the c t value, the 
higher the concentration of cDNA templates representing higher gene expression. 
V 
Spatial expression of the genes provides more information about the 
relationship between the localization of mRNA synthesis and their functions in 
specific structure in L edodes. In situ hybridization makes use of paired nucleotide 
interactions between a labeled probe (antisense strand) and the endogenous mRNA 
(sense strand). It enables the localization of specific nucleic acid sequences (DNA or 
RNA) at cellular level (Baumgart et al, 1997). This technique allows specific nucleic 
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acid sequences to be detected in morphologically preserved chromosomes, cells or 
tissue sections (Woodruff, 1998). 
Digoxigenin labeling combined with NBT/BCEP staining method was used. 
The fixation with Bouin's solution, embedding of the tissue in paraffin, hybridization 
with digoxigenin-labeled cRNA probes, and indirect detection of the specific 
RNA-RNA hybrids by alkaline phosphatase-labeled Fab fragments against 
digoxigenin, followed by NBT/BCIP staining reaction resulted in excellent tissue 
preservation with good histological resolution. The principle of in situ RNA-RNA 
hybridization is shown in Figure 3.1. 
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Fig. 3.1 Diagram showing the principle of in situ RNA-RNA hybridization 
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3.2 Materials and Methods 
3.2.1 Northern blot analysis 
3.2.1.1 RNA fractionation by formaldehyde gel electrophoresis 
Total RNAs were extracted from dikaryotic mycelium, primordium, young 
fruiting body, mature fruiting body, and gill tissue of mature fruiting body before 
sporulation by TRI® reagent (Molecular Research Center, Inc.) as procedures 
described (Leung et al, 2000). 
For Northern blot analysis, 5 ^g RNAs of each sample was first 
fractionated by 1.2% formaldehyde gel. Amount of RNAs loaded was adjusted by 
using intensity of 28S rRNA as loading control. All the gel tank, casting tray and 
comb were treated with 3% H2O2 for 10 min before use. 1.2% of formaldehyde 
agarose gel was prepared by melting 0.5 g agarose in 43.5 ml of DEPC-H2O. 1.5 ml 
of 37% formaldehyde and 5ml lOX MOPS (0.2 M MOPS, 80 mM sodium acetate, 10 
mM EDTA and pH 8.0) were added and the gel solution was mixed gently. The gel 
‘was cast for solidification. Total RNAs of each sample were prepared in a mixture 
containing 50% formamide, 3.7% formaldehyde, 0.5X MOPS running buffer, 0.8[ig 
ethidium bromide and lOx loading dye (50% glycerol, ImM EDTA, pH 8.0，0.4% 
bromophenol blue, 0.4% xylene cyanol). The mixtures were subject to a 55 °C 
denaturation for 20 min and quick chill on ice before loading. The denatured samples 
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were then loaded into the well of gel and the run at 50V for 2 hrs. 
3.2.1.2 Northern blotting 
3.2.1.2.1 Transfer of RNAs 
All the glass tank, forceps, glass rod and scissor were pre-baked at 200°C to 
ensure RNase free. The plastic plate used for the salt bridge mounting was cleaned 
with RNase ZAP® (Ambion) before use. 
The formaldehyde gel with RNA samples was equilibrated in DEPC-treated 
lOX SSC (1.5 M NaCl, 0.15 M sodium acetate) for 10 min with gentle shaking to 
remove formaldehyde. The nylon membrane (Hybond-KT, Amersham) and filter paper 
which was used as salt-bridge were presoaked with DEPC-treated lOX SSC. 
First of all, 400 ml of DEPC-treated lOX SSC was added to the glass tank. 
RNase-free plastic plate was placed on top of the glass tank to form a platform. The 
pre-soaked filter paper was placed on the platform carefully without any bubbles 
trapped to form a salt bridge. The equilibrated gel was carefully placed on the salt 
‘ bridge with up-side down fashion with all bubbles in-between the gel and filter papers 
removed. A cling wrap was then mounted on the gel and covering the glass tank in a 
way to ensure the 1 OX SSC moving up the gel with RNA samples through an even 
fashion. The pre-soaked membrane was then laid on the gel by the forceps to avoid 
the formation of bubbles. With the aid of glass rod, filter paper saturated with lOX 
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SSC (size 6.5cm x 10cm) was laid on the membrane. A pile of dry paper towel (about 
10 cm high) was placed on the top of the set-up with heavy objects above to allow the 
RNA from the gel to transfer onto the membrane by capillary action. After an 
overnight transfer, membrane was removed from the set-up. The RNA on membrane 
was fixed by UV crosslinking at 1200x IO12 pJ (Stratagene). 
3.2.1.2.2 Probe preparation 
2 \i\ (about lOOng) QIAGEN kit purified PCR products of Le.Rab?, 
Le.RabS and Le.RACKl cDNA clones were used as templates for PCR DIG-labeling 
by means of the PCR DIG probe synthesis kit (Roche). The PCR program began with 
denaturing at 94°C for 2 min, followed by 35 cycles of denaturing at 94°C for 1 min, 
annealing at 55°C for 90 sec and extension at 72°C for 3 min and final extension at 
72°C for 10 min. The PCR mixture contained IX PCR buffer, 20 mM MgCh, 0.2X 
DIG PCR labeling solution (Roche), 0.2 mM T7 primer, 0.2 mM DNA-BD 
‘ sequencing primer {Le.Rab?) or AD sequencing primer {Le.RabS and Le.RACKl) and 
5U Tag polymerase. The labeled PCR products were examined by 1.5% agarose gel. 
95 
3.2.1.2.3 Hybridization, Stringency washes and Signal detection 
The membrane was first pre-hybridized with 7.5ml hybridization buffer 
(50% formamide, 5X SSC, 2% blocking solution, 50mM sodium phosphate, 0.1% 
N-lauroysarcosine and 7% (w/v) SDS) at 42°C with gentle shaking for 2 hrs in a 
hybridization bag. 7.5 ml hybridization buffer was added with 20 |il heat-denatured 
probe after the prehybridization. The probe hybridization was done by placing the 
membrane at 42°C with gentle shaking for 16 hrs. 
After the hybridization, the membrane was washed in 30 ml cold washing 
solution (2X SSC, 0.1% SDS) twice at room temperature for 15 min with strong 
shaking. It was followed by washing with 30 ml hot washing solution (0.5X SSC, 
0.1% SDS) twice at 68°C for 15 min. The membrane was then rinsed briefly with 30 
ml washing buffer (O.IM maleic acid, 0.15M NaCl, 0.3% v/v Tween® 20, pH 7.5) for 
2 min. Blocking of membrane was done by adding 20 ml 2X blocking solution (2% 
blocking reagent, 0.1 M maleic acid, 0.15 M NaCl, pH 7.5) for 2 hrs with gentle 
‘ shaking. Then 10ml 2X blocking solution with the addition of anti-digoxigenin-AP, 
Fab fragments (Roche) in a dilution factor of 1:10000 was incubated with the 
membrane for 30 min at room temperature with gentle shaking. The membrane was 
washed with 30 ml washing buffer twice for 15 min and then 20 ml of detection buffer 
(O.IM Tris-HCl, O.IM NaCl, pH 9.5) for 2 min. The membrane was equilibrated with 
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1 ml CSPD® (Roche) working solution (10 in 1 ml detection buffer) in a 
hybridization bag. 
The chemiluminescent detection was performed by exposing the sealed 
membrane to an X-ray film (Kodak) in a dark room for 2-4 hrs. The films were 
scanned and the signals were quantified with Kodak ID 3.5.3 Image Analyses 
program (Kodak). 
3.2.2 Quantitative RT-PCR 
3.2.2.1 cDNA synthesis from different developmental stages 
3.2.2.1.1 RNA preparation extraction 
Total RNAs were extracted from dikaryotic mycelium, primordium, young 
fruiting body, mature fruiting body, and mature fruiting body before and after 
sporulation similar to the procedures stated (Leung et al.，2000). 
3.2.2.1.2 DNase I treatment 
1 ^g total RNAs from different developmental stages were used to 
synthesize cDNA for real-time analysis. Total RNA samples were first treated with 
• RNase-free DNase I and EDTA (Invitrogen) to get rid of contaminating DNA. 1 [ig 
RNA was mixed with 1 DNase Buffer and 1 \i\ DNase I (Invitrogen) and added 
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DEPC-HzO to total 10 |il. The mixture was incubated at 25°C for 15 min. After 
incubation, the mixture was added with 1 [il ofEDTA (Invitrogen) and incubated at 65 
�C for 10 min. 
3.2.2.1.3 Reverse transcription 
DNase treated total RNA was transcribed into cDNA using TaqMan® 
Reverse Transcription Reagents (Applied Biosystems) according to the 
manufacturer's protocol. 5 of lOX RT buffer, 11 of 25mM MgCb, 10 of 
lOmM dNTPs, 2.5 pi of 50 |iM random hexamer, 1 RNase inhibitor (20U/|il), 
1.25 \i\ MultiScribe™ Reverse Transcriptase (50U/nI) and 8.25 \l\ DEPC-H2O were mixed 
with 11 III were mixed with 11 total RNA sample and performed RT-PCR: 25�C for 
10 min, 48°C for 45 min and 951： for 5 min. 
3.2.2.2 Real time PCR 
3.2.2.2.1 Primer design and verification 
Primers for real time PCR reaction were designed using Primer Express 
software (Applied Biosystems) and checked to avoid primer-dimer formation using 
OLIGO™ software (version 4.0) (National Biosciences). The sizes of PCR amplicons 
were about lOObp. Primers were verified by setting up 25 \i\ PCR reaction, 2.5 i^l of 
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cDNA generated as above were added to 2.5 of lOX PCR Buffer, 3 25 mM 
MgCh, 2 [d of 10 mM dNTPs, 0.75 of designed upper primer and lower primer (10 
mM each) and 0.125 |xl Taq DNA Polymerase (5U/|il) (Invitrogen) and performed 
PCR for one cycle 95 for 3 min, followed by 50 cycles of 95�C for 15 sec; 60�C for 1 
min. PCR products were collected at 30也 and 50也 cycles. 5 |il PCR products were 
loaded on 1.5% agarose gel for quantity and quality analysis. Single band for each 
sample and less intense band for products of 30-cycle PCR than those of 50-cycle 
PCR were observed; the designed primers were used for Real-time PCR. The sets of 
primer designed for real-time PCR are shown in Table 3.1. 
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Table 3.1 Primers for real-time PCR amplification. 
Size of 
Gene Primer sequence amplicon 
(bp) 
Le.Pma Sense 5’-TGTGTACCCCAGCTCATTTCCT-3’ 111 
Antisense 5'-CGATGTTCCAAACCCAGACAAT-3' 
Le.Rab? Sense 5，-AGCGGTGTCGGAAAGACATCT-3， 138 
Antisense 5'-CCCAAAGCTGCATCGTAACAA-3' 
Le.RabS Sense 5'-GCCGACCCCTCAATAGTGATT-3' 110 
Antisense 5'-CATCAGTCCTTCTTCCTCAGCA-3' 
Le.RACKl Sense 5'-TCCATTGCATGGTCTGCTGA-3' 118 
Antisense 5’-GAACCTGCCTACACACGTCAAA-3, 
3.2.2.2.2 Real time PCR reaction and data analysis 
Real time PCR reaction was performed in ABI PRISM 7700 Sequence Detection 
System (Applied Biosystems). 2 of lOX diluted cDNA product and 0.45 of each 
10 i^M sequence specific primers was used in a 20 PCR reaction using PCR 
SYBR® Green master mix (Applied Biosystems) according to the manufacturer's 
protocol. A reaction was carried out in duplicate and no-temple-control (NTC) was 
prepared for each pair of primers. Le.Pma was used as a housekeeping gene for 
normalization. Melting curve analysis was performed after using SDS 1.91 software 
to ensure specific reaction occurred. The experiments were carried out at least three 
times with biologically independent samples. Results from different lots of RNA were 
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subject to ANOVA in order to verify statistical significance between different samples. 
3.2.3 In situ RNA-RNA hybridization 
3.2.3.1 Preparation of samples and probes 
3.2.3.1.1 Tissue preparation 
Lentinula edodes, strain L54, were cultivated as described (Leung et al, 
2000). Young fruiting body, mature fruit body before and after sporulation were fixed 
with Bouin's solution in 4�C overnight and immersed in 70% DEPC-ethanol 4�C for 
2 days. The fruiting bodies were then dehydrated with DEPC-ethanol series and 
embedded in paraffin. Longitudinal 8-^m ultrathin cryosections were mounted on the 
slides precoated with poly-(L)-lysine. 
—• . 
< 
3.2.3.1.2 RNA probe synthesis 
The full-length cDNA sequence of Le.Rab?, Le.RabS and Le.RACKl were 
cloned into TA TOPO® cloning vector (Invitrogen) for the synthesis of RNA probes. 
Sense (control) and antisense RNA probes were prepared by in vitro transcription with 
digoxigenin-UTP by T7 and T3 RNA polymerase respectively (Roche Diagnostics). 
For lO i^l labeling PCR product, 100 一 200 ng purified PCR product were mixed with 
l|il lOX DIG RNA labeling mix (10 mM ATP, 10 mM CTP, 10 mM GTP, 6.5 mM 
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UTP, and 3.5 mM DIG-ll-UPT, pH 7.5) (Roche Applied Science), 1 5X 
transcription buffer (Roche Applied Science), 1 |il of T7 RNA polymerase (2011/^ 1) or 
T3 RNA polymerase (20U/[il), and DEPC-H2O. The mixture was incubated at 37�C 
for 2 hrs to produce RNA probe. The reaction was stopped by adding 1 |il 0.2 M 
EDTA (pH 8.0) and 0.5 l^l DNase I and then put on ice followed by ethanol 
precipitation. The purified RNA probes were stored at -20�C until used. 
3.2.3.2 Hybridization and signal development 
The procedures of in situ hybridization, including de-waxed slides with 
samples, fixed the samples on slides, dehydrated the samples, and washing the slides, 
were based on the protocol reported (So et al, 2005). In brief, the slides were 
rehydrated through a DEPC-ethanol series followed by 4% paraformaldehyde fixation. 
Slides were washed in TBS buffer (100 mM Tris-HCl, 150 mM NaCl, pH 7.5) and 
treated with 0.2 N HCl at room temperature for 10 min. After washed by TBS again, 
� t h e slides were incubated in 2X SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0) at 70 
�C for 15 min to denature RNA. The slides were then rinsed with TBS and fixed with 
40/0 paraformaldehyde again followed by 0.5% acetic anhydride for 5 min twice. The 
tissue sections were penneabilized with 50|xl/ml proteinase K (Gibco BRL) in TBS 
with 2 mM CaCh at 37°C for 10 minutes and the proteinase K action was then 
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terminated by TBS washing at 4°C for 10 min. After dehydration through the 
DEPC-ethanol series, pre-hybridization was performed by pre-hybridization buffer 
(2X SSC, 50% formamide, 0.02% SDS, and 0.01% salmon sperm DNA) at 63°C in a 
humid chamber for 2.5 hrs. The slides were hybridized with 300 ng/ml DIG-labeled 
RNA probes in hybridization buffer (2X SSC, 50% fonnamide/50% 2X SSC, 0.02% 
SDS, 0.01% salmon sperm DNA, and 10% dextran sulphate) at 63°C in a humid 
chamber overnight. After hybridization, probes were removed by washing in 2X SSC 
at room temperature for 15 min twice, 50% fonnamide/50% 2X SSC for 30 min twice, � 
and IX SSC for 15 min twice. The slides were treated with blocking solution of 10% 
sheep serum and 1% blocking Reagent (Roche) at room temperature for 15 min. 
Immunodetection of DIG-labeled probes was performed at room temperature for an 
hour using anti-DIG-alkaline phosphatase (Roche), which was diluted by 500 folds in 
the blocking solution. They were washed with TBS and incubated in NBT/BCIP 
(4-nitro blue tetrazolium chloride/5-brome-4-chloro-3-inoll phosphate-4-toluidine salt) 
(Roche). The color-developed sections were mounted in distilled water 
3.2.3.3 Image viewing 
The images were viewed with Nikon Microscope Microphot-FX (Nikon)， 
captured through Nikon DXM 1200 Digital Camera (Nikon) and analyzed with the 
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software Nikon ACT-1 version 2.12 (Nikon). The images were processed with Adobe 
Photoshop before publishing. 
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3.3 Results 
3.3.1 Northern blot analysis 
Northern blotting and quantitative RT-PCR were used to investigate the 
expression of Le.Rab?, Le.Rab5 and Le.Rackl during the fruiting body formation. 
Total RNAs were extracted from 5 stages, including mycelium, primordium, young 
fruiting body, mature fruiting body and gill tissue of mature fruiting body before 
spomlation. The RNA samples were first fractionated by formaldehyde gel. Then 
RNAs were subject to Northern blot analysis using the DIG-labeled cDNA probes of 
the three genes. Distinct signals of respective approximate mRNA sizes of three genes 
were detected in all RNA blots. Equal loading of RNA samples was monitored by 
similar intensities of 28S and 18S rRNAs. The intensity of the band representing 
Le.Rab? (approx. 0.7 kb) increased from mycelial to primordial stage, which 
expressed strongest among 5 developmental stages (Fig. 3.2). Higher expression 
levels of Le.RACKl (approx. 1 kb) were maintained in both primordial and gill tissue 
of mature fruiting body before spomlation compared to the other stages, while the 
strongest expression of transcript was shown in primordial stage (Fig. 3.4). Unlike 
these two genes, Le.RabS (approx. 0.8 kb) was constitutively expressed in all stages 
(Fig. 3.3). 
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Myc Pri YFB MFB Gilll 
1 1.8 1.61 1.64 1.68 
Fig. 3.2 Northern blotting of the transcripts of Le.Rab 7 at different 
developmental stages in L. edodes. 
Equal amounts of total RNAs were loaded and confirmed by equal intensities of rRNA before gels 
were blotted. The expression ratio was calculated by the relative expression level in different stages, 
using the level in mycelium as one. 
Myc, Mycelium; Pri, Primordium; YFB, Young fruiting body; MFB, Mature fruiting body; Gilll, Gill 
tissue before sporulation. 
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Myc Pri YFB MFB GilM 
1 1.08 0.87 1.01 0.97 
Fig. 3.3 Northern blotting of the transcripts of Le.Rab5 at different 
developmental stages in L. edodes. 
Equal amounts of total RNAs were loaded and confirmed by equal intensities of rRNA before gels 
were blotted. The expression ratio was calculated by the relative expression level in different stages, 
using the level in mycelium as one. 
Myc, Mycelium; Pri, Primordium; YFB, Young fruiting body; MFB, Mature fruiting body; Gilll, Gill 
tissue before sporulation. 
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Expression ratio 
Myc Pri YFB MFB Gilll 
1 2.02 1.59 1.38 1.77 
Fig. 3.4 Northern blotting of the transcripts oiLe.RACKl at different 
developmental stages in L. edodes. 
Equal amounts of total RNAs were loaded and confirmed by equal intensities of rRNA before gels 
were blotted. The expression ratio was calculated by the relative expression level in different stages, 
using the level in mycelium as one. 
Myc, Mycelium; Pri, Primordium; YFB, Young fruiting body; MFB, Mature fruiting body; Gilll, Gill 
tissue before sporulation. 
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3.3.2 Quantitative RT-PCR assays 
Quantitative RT-PCR assays were applied to validate the results of Northern 
blotting, using Le.Pma (plasma membrane ATPase) as the housekeeping gene to 
normalize the relative values of each sample. The transcript level of Le.Pma was 
shown to be almost constant throughout the developmental stages of L edodes (Leung 
et al.’ 2000). Before real-time PCR, designed primers were analyzed by PCR reaction 
similar to real time PCR program except the presence of SYBR® Green dye. The PCR 
products were collected at two PCR cycles, 30 and 50 cycles in order to show that the 
primers were valid and PCR amplification was normal (Fig. 3.5). The absence of 
non-specific amplification and primer-dimers by RT-PCR was verified by melting 
curve generated from the ABI PRISM 7700 Sequence Detection System™ (Applied 
Biosystems). Only one peak was found from each PCR product and the peaks were at 
>70°C, suggesting that there was no contamination in the PCR products (Fig. 3.6). 
Using real-time PCR, we investigated the expression levels of the 3 genes at six 
�d i f fe ren t stages, including mycelium, primordium, young fruiting body, and mature 
fruiting body, gill tissue of mature fruiting body before and after sporulation, so as to 
provide more information about the gene expressions in gill tissue. The general trend 
of expression levels of 3 genes was similar to that obtained in Northern blotting (Fig. 
3.7A，B and C). However, mRNA level of Le.Rab 7 was highest among the stages and 
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about 4-fold increase compared to mycelial stage (Fig. 3.7A). While for Le.RACKl, 
the expression in primordial stage was significantly high (about 10-fold increase 
compared to mycelial stage). However, the expression in the gill tissue was 
inconsistent with the results in Northern blotting, which showed a comparable result 
in the gill tissue and primordial stage (Fig. 3.7C). Moreover, a slight increase in the 
mRNA level of Le.RabS was observed in primordial stage, but it was not significant 
(Fig. 3.7B). 
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Fig. 3.5 Verification of 4 sets of gene specific real time PCR primers. 
5 |il of PCR products were run in 2% agarose gel electrophoresis. Sizes of all PCR products were about 
-100 bp and only single band were seen in each lane. 
Lane 1 and 5，PCR products of Le.Pma after 30出 and 50"" PCR cycles; lane 2 and 6，PCR products of 
Le.Rab? after 30"^  and 50''' PCR cycles; lane 3 and 7, PCR products o{Le.RabS after 3(f and 50出 PCR 
cycles; lane 4 and 8，PCR products of Le.RACKl after 30'^  and PCR cycles. 
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Fig. 3.6 Melting curve analysis of the real time PCR product. 
Only one peak was found from each PCR product and the peaks were >70�C，suggesting that there 
were no non-specific amplification and primer-dimers formation in the PCR reactions. I l l 
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Fig. 3.7 The relative expression level ratios of (A) Le.Rab7, (B) Le.Rab5 and (C) 
Le.RACKI were found by real time PCR. 
RNA amounts were normalized to the level of Le.Pma and shown as the relative expression compared 
with that of mycelium; the expression level of genes in mycelial stage was taken as one. Results were 
taken as average values of three individual RNA samples and each PCR reaction was repeated twice. 
Error bars, standard deviations;« = 4; pO.OOl in Le.Rab? and Le.RACKl, p<0.005 in Le.RabS assays. 
Myc, Mycelium; Pri, Primordium; YFB, Young fruiting body; MFB, Mature fruiting body; Gilll, Gill 
tissue before spomlation; Gill2, Gill tissue after spomlation 
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3.3.3 In situ RNA-RNA hybridization 
In situ RNA-RNA hybridization was employed to localize the mRNAs of 
the 3 genes in the fruiting body of L. edodes. We found that the expression of the 
genes mainly localized at the gill tissue and its pre-structure (prehymenophore) of the 
I 
fruiting bodies. The position and structure of prehymenophore were shown in Fig. 
3.8A and 3.8B. The gill tissue, hymenophore, is composed of trama (inner part of the 
gill tissue), hymenium (the outer surface) and subhymenium (middle layer) (Fig. 3.9). 
Trama cells occupy most of the gill tissue and diverge to form subhymenium on the 
top of which hymenium is formed. There are basidia with basidiospores formed in the 
hymenium (Kaneko and Shishido, 2001). Fixed longitudinal ultrathin section of the 
young and mature fruiting body were hybridized with DIG-labeled antisense RNA 
probes of Le.RabJ, Le.RabS and Le.RACKl to show the localizations of the transcripts. 
All the three antisense probes showed specific distribution of the transcripts, while 
sense probes gave no signal at all. In the young fruiting body, the transcripts of three 
� g e n e s localized in the prehymenophore tissue. Prehymenophores, which are in the 
middle of "eye" organ, will develop into hymenophore in the mature fruiting body 
(Nishazawa et al., 2002). The signals for the three transcripts were detected in 
tooth-like structures of the prehymenophore (Fig. 3.10A，3.11A，3.12A). There was 
also an intense signal observed around the prehymenophore for Le.RabS (Fig. 3.11 A). 
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Moreover, localizations of three transcripts in the specific parts of hymenophore were 
observed. The intense signals were detected in the outer region of trama cells and also 
the subhymenium (Fig. 3.1 OB, 3.1 IB, 3.12B). While for the transcripts of Le,Rab7 
and Le.Rab5, intense signals also appeared in the tips of hymenophore (Fig. 3.1 OB 
and 3.1 IB). In situ RNA-RNA hybridization at the stage of mature fruiting body after 
sporulation, were more or less the same as those in the mature fruiting body before 
sporulation but the signals were weaker (data not shown). 
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Fig. 3.8 The cross sections prehymenophore of young fruiting body in different 
magnifications. 
(A) The cross section of young fruiting body, the prehymenophore ("eye" organ) was inside the dotted 
circle. (B) The cross section of prehymenophore in 4X magnification. 
� _ 
Fig. 3.9 Schematic diagrams showing the cross-sections of hymenophore (gill 
tissue) of mature fruiting body in different magnifications. 
(A) The gill tissue in low magnification. There were 4 hymenophores present in the diagram. (B) The 
internal structures of a hymenophore. 
H, hymenium; S, subhymenium; T, trama. 
115 
mm 
霸 , 翁 . . . . . I 
Fig. 3.10 The distributions of 7 transcript in young (YFB) and mature 
fruiting bodies (MFB) by in situ RNA-RNA hybridization. 
Fixed longitudinal ultrathin sections of (A) the prehymenophores of YFB and (B) the hymenophores of 
MFB were hybridized by Le.Rab? digoxygenin-labeled RNA antisense probes respectively. Sense 
probes of Le.Rab? were used to hybridize the (C) prehymenophore and (D) hymenophore as negative 
control. 
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Fig. 3.11 The distributions of Le.Rab5 transcript in young (YFB) and mature 
fruiting bodies (MFB) by in situ RNA-RNA hybridization. 
Fixed longitudinal ultrathin sections of (A) the prehymenophores of YFB and (B) the hymenophores of 
MFB were hybridized by Le.RabS digoxygenin-labeled RNA antisense probes respectively. Sense 




Fig. 3.12 The distributions of Le.RACKl transcript in young (YFB) and mature 
fruiting bodies (MFB) by i/f situ RNA-RNA hybridization. 
Fixed longitudinal ultrathin sections of (A) the prehymenophores of YFB and (B) the hymenophores of 
MFB were hybridized by Le.RACKl digoxygenin-labeled RNA antisense probes respectively. Sense 




A number of methods are available for measurement of mRNA expression 
including Northern blotting, RNase protection assay, in situ hybridization, microarray 
analysis and quantitative RT-PCR (real time PGR). Both Northern blotting and real 
time PGR were applied so as to confirm the results with each other. 
Northern blotting remains a standard method for quantization of mRNA 
levels despite the advent of powerful techniques. It provides a direct comparison of 
mRNA abundance between RNA samples on a membrane. It is preferred because it 
can show transcript size and detect alternatively spliced transcripts. 
Despite these advantages, there are limitations of Northern analysis. First, if 
RNA samples are slightly degraded, the quality of the data is severely compromised. 
It is in general less sensitive than other assays and also requires relatively large 
amounts of RNA (5-10 ng per lane). Another limitation is the difficulty associated 
with multiple probe analysis. To detect more than one transcript in a single membrane, 
it is usually necessary to strip the initial probe before hybridizing with a second probe 
(Bartlett, 2002). 
Real time PGR might be a better means for quantization. It can provide 
higher sensitivity and specificity to measure low level mRNA expression and require 
smaller amount of RNAs. However, the extreme sensitivity makes it vital to protect 
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one's samples from contamination, which would lead to false results (Wong and 
Medrano, 2005). Normalization and the validation of reference genes are also 
necessary for the analysis so as to make a relative quantization of expression (Bustin 
and Nolan, 2004). 
The results of Northern blotting and real time PCR were mostly consistent. 
The general trend of gene expressions was similar but the difference in relative levels 
across the stages was more obvious in real time PCR than in Northern blotting. Take 
Le.RACKl as an example. The difference in expression levels between mycelial and 
primordial stage determined by real time PCR was about 10-fold, whereas there was 
only 2-fold increase from mycelial to primordial stage as shown by Northern blotting. 
The difference in results might be due to the data analysis of Northern blotting. The 
expression levels were reflected by the band intensity of X-ray film. However, there 
were several factors affecting the quantification, such as the background noise, the 
amount of total RNA used and the time for developing films; therefore, Northern 
blotting is not as accurate and sensitive as real time PCR. The expression level of 
Le.RACKl in "Gilll" stage was found to deviate from those in Northern blotting. 
There maybe non-specific hybridization of probe in this stage (as shown by a stronger 
background signal in the lane). A transcript which has similar size as Le.RACKl was 
also hybridized with Le.RACKl probe and thus the signal strengthened. Also, some 
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unknown substrates in RNA of “Gilll"stage could inhibit real time PCR reaction. 
Thus, more than one mRNA expression assay should be used for correct 
quantification. 
In the study of temporal expression profiles, Le.Rab? and Le.RACKl 
drastically increased in expression level from mycelial to primordial stage. During 
primordial development, there is a dramatic change in the growth characteristics, 
including extensive hyphal-hyphal interaction and cellular differentiation (Miyasaki et 
al, 2005), indicating changes in metabolic rates. The increased expression of Le.Rab? 
may reflect a higher rate of lysosomal degradation of cargo protein; while the RACKl 
was shown to be involved in cellular developmental process. However, Le.RabS 
constitutively expressed in all developmental stages. Endocytosis is generally 
regarded as an essential process of eukaryotic cells, serving diverse functions (Read 
and Kalkman, 2003). In early endocytosis, Rab5 acts as a hub and the cargos may 
eventually recycle back to the membrane, transporting to Golgi or lysosome for 
degradation (Seachrist and Ferguson, 2003). It is reasonable that Rab5 expresses at 
similar level in all stages. 
In situ hybridization in fixed tissues is the primary method for visualization 
of the distribution of transcripts. It investigates a wide variety of localization patterns, 
ranging from broad patterns of expression in whole-mount samples to subcellular 
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compartments. Digoxigenin labeling of RNA probes was used in my experiment. Due 
to the size of the dye, the color produced at the end of experiment diffused away from 
the site of synthesis intracellularly. The resolution was not sufficient to observe the 
mRNA localization at the subcellular level. The significance of in situ hybridization is 
to localize the mRNA of three genes at different regions of gill tissue and its 
pre-structure. 
The transcripts of these three genes were all located in the prehymenophore 
of young fruiting body, outer regions of trama and subhymenium of mature fruiting 
body, while the formation of basidia and basidiospores is in the hymenium. The 
observations imply that the three genes function in the production of basdiospores, 
divergence of trama into subhymenium as well as hymenophore development from 
prehymenophore (Kaneko and Shishido, 2001; Nishizawa et al, 2002; Katsukawa and 
Shishido, 2005). The immunohistochemical staining and validation of endocytosis 
using FM dye can further confirm this hypothesis (Chapter 4). 
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Chapter 4 Existence of endocytosis and Protein 
localization of Le.Rab? in L. edodes 
4.1 Introduction 
The presence of endocytosis is widely accepted in animal and plant systems. 
However, its existence in fungi is still contentious. (Read and Kalkman, 2003). The 
most well-characterized fungus about the endocytosis is yeast (Geli and Riezman, 
1998). There is now more evidences for filamentous fungi possessing an endocytic 
pathway. For example, internalization of membrane-selective endocytosis markers 
(e.g. FM4-64) (Atkinson et al, 2002; Fisher et al.’ 2000; Hickey et al, 2002) and 
markers of fluid phase endocytosis (e.g. Lucifer yellow) (Steinburg et al, 1998) 
occurs in a range of filamentous fungi and is active transport and actin dependent. The 
genome of Neurospora crassa also encodes a complex endocytic protein machinery 
‘ (Galaghane/flr/.,2003). 
Although some evidence showing that endocytosis exists in ascomycetes 
and basidiomycetes, no one reported this process in mushroom. We have isolated two 
endocytic genes, Le.Rab? and Le.RabS, and believe that their functions are similar to 
their homologues in other organisms. Thus, it is necessary to show the existence of 
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endocytosis. In the experiment, I used confocal imaging of FM4-64 to study 
endocytosis and vesicle trafficking in L. edodes. FM4-64 is an amphiphilic styryl dye 
composed of a hydrophobic tail, a dicationic head and a nucleus. This structure is an 
energetic barrier, which avoids direct crossing the plasma membrane through simple 
difaision (Betz et al, 1996; Fisher-Parton et al, 2000). Whilst unfacilitated diffiision 
of styryl dyes across membranes is unlikely, an enzyme called flippase can assist the 
membrane phospholipids, which would be resistant to passage of membranes, to cross 
the plasma membrane (Menon, 1995). Though the activity of flippases is essential for 
membrane biosynthesis, it has not been reported in fungi. FM4-64 is generally 
perceived to be internalized through endocytosis. 
Time courses of FM4-64 staining were performed on the hyphal cells of 
mycelium and the dye internalization at clamp connection of mycelium and 
hymenophore (gill tissue) of fruiting body was emphasized. Drug treatment using the 
metabolic inhibitors and F-actin depolymerizing compounds showed that the dye was 
internalized by endocytosis. My analysis supported that endocytosis is the 
predominant pathway by which FM4-64 is internalized and distributed between 
organelles. In addition, the endocytosis only occurs in certain cell types in the 
hymenophore. Based on the interpretation of the results, a model of the vesicle 
trafficking network in L. edodes was presented. 
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Because Le.Rab? was believed to be involved in the endocytic pathway, 
double immunofluorescence staining was performed. In order to detect the protein 
cellular and subcellular localization, a polyclonal antibody against Le.Rab? was made, 
using 15 amino acid residues peptide sequence at N-terminal as the antigen. The 
antibody was characterized by detecting the Le.Rab? in total protein extracts of 
mycelium and in vitro translated Le.Rab?. It was used with AM4-64 in the experiment, 
while AM4-64 is spectrally identical to FM4-64 and amine group at its hydrophilic 
end makes it fixable for immimostaining purpose. Direct immunofluorescence 
staining is the use of a fluorescent antibody (i.e. antibody conjugated with a 
fluorochrome) for the detection of a specific antigen. However, indirect 
immunofluorescence staining technique was applied in this experiment. This method 
allows the binding of a given antigen by exposing the specimen to unlabeled 
antibodies; then exposed to fluorescently labeled (e.g. FITC) anti-Ig antibodies. 
Antigens homologous to the fluorescent antibodies are identified by regions of 
fluorescence in the specimen (Magro et al, 2003). 
While the colocalization between endocytic dye and Le.Rab? was shown, 
the cellular localization of this protein was also investigated by immunohistochemical 
staining. Similar to in situ RNA-RNA hybridization, young and mature fruiting bodies 
were used to make tissue sections. Not only can we have a better understanding of 
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spatial protein expression of Le.Rab? in certain structure in fruiting body, but we can 
also estimate its functions in the development of mushroom in conjunction with in 
situ hybridization. Paraffin-embedded sections of fruiting bodies were used in the 
experiment. In brief, it was incubated with a primary antibody followed by binding 
with a secondary biotin-labeled antibody. This allowed the treatment with a 
streptavidin conjugate linked with peroxidase, followed by exposure to a chromogen, 
DAB. Coimterstaining with hematoxylin, a nuclear stain, was normally performed 
after the immunohistochemical staining (Erdogan et al, 2005). However, it was not 
used because the structures and cell types could readily be identified and the stain 
may hinder the observation of immunoperoxidase staining. 
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4.2 Materials and Methods 
4.2.1 Tracing the endocytic pathway using FM4-64 dye 
4.2.1.1 Strains and culture conditions 
Lentinula edodes, strain L54, were cultivated as described (Leung et al” 
2000). The gill tissue of mature fruiting body was cut and thinned by a razor blade 
immediately before the loading of FM4-64, to prevent it being inactive. Mycelium 
was cultured in the PDB (potato dextrose broth) medium at 25°C with constant 
shaking to avoid the aggregation ofhyphae. 
4.2.1.2 FM4-64 internalization in mycelium and gill tissue ofL. 
edodes 
Load-and-chase cold FM4-64 loading was used in the time course of the 
dye internalization. The PDB broth was used as incubating and washing medium in 
subsequent steps. 500 \x\ mycelium' culture was put into ice for 10 min to lower its 
metabolic activity, while the gill tissue of mature fruiting body was thinned by razor 
blade and put into 500 |il PDB broth in ice for 10 min. The samples were put into 
ice-cold medium containing 12 |iM FM4-64 (Molecular Probes) for 8 min, washed 4 
times with ice-cold PDB medium. The samples were transferred to fresh medium 
incubating at 25°C. Samples were collected at different time points (0 min, 20 min, 40 
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min, 60 min and 120 min) for microscopic observation, which was carried out 
immediately after harvesting. The samples were put on the glass slides added with 20 
111 PDB medium and coverslips were put on it without the generation of bubbles. The 
mycelium sample was pressed on the coverslip to ensure even spreading of the hyphae, 
while gill tissue was covered gently without disturbing the morphology of the 
structure. All confocal fluorescence images were collected through the Bio-Rad 
Radiance 2100 system with a 60X or lOOX objective oil lens, and the filter sets were 
used as follows: for FM4-64, excitation wavelength 543 nm and emission filter 
HQ660LP. The software used in the image collecting was LaserSharp 2000 (Bio Rad) 
Images were processed using Adobe Photoshop software as described previously. 
4.2.2 Drug treatment effect on the internalization of FM4-64 dye 
To illustrate the nature of the internalization of the dye, drugs with different 
metabolic inhibition were used. 30 mM sodium azide plus 30 mM sodium fluoride 
(Sigma) were used as metabolic inhibitors. In the other experiment, 20 ^M 
cytochalasin D (from a DMSO stock) was applied. Drugs were added to the 500^1 
medium containing mycelium at 25 "C 1 hour prior to the loading of FM4-64. 
Moreover, same concentration of drugs was added to the incubating medium after the 
washing steps. The following procedures were the same as above. 
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4.2.3 Double labeling with AM4-64 and anti-Le.Rab? antibody 
4.2.3.1 Synthesis of Le.Rab? antibody 
4.2.3.1.1 Customization of Le.Rab7 antiserum 
Antibody was raised against Le.Rab? and was used in subsequent 
immunohistochemical staining and immunofluorescene labeling. N-terminal amino 
acid sequence (5YVNKRFSNQYKATIG-3of Le.Rab? was used for synthetic 
peptide synthesis and custom-made anti-Le.Rab? polyclonal antiserum by a company 
(Genemed Synthesis) 
4.2.3.1.2 Validation of aiiti-Le.Rab7 polyclonal antiserum 
To characterize the antibody against Le.Rab?, Western blotting was 
performed. Total proteins from mature fruiting body were extracted. Firstly, a 
mushroom was grinded to powdered form in liquid nitrogen by mortar and pestle. The 
powder was suspended in TCA (trichloroacetic acid) buffer in 1:2 dilution and the 
mixture was sonicated at medium strength for 5 min. The solution was then 
centrifuged at maximum speed for 10 min and 20% ice cold TCA added to 
supernatant. Proteins were precipitated by centrifugation at maximum speed for 10 
min at 4°C. The pellet was washed with water and centrifuged again to remove 
contaminants. Finally, the pellet was resuspended in 200 i^l TCA Laemmli loading 
buffer and was boiled in a 100°C water bath for 10 min. The supernatant containing 
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protein extracts was used in SDS-PAGE. In vitro translated Le.Rab? in section 2.2.3.2 
was used to characterize the antibody. 2 of total proteins of L edodes and in vitro 
translated Le.Rab? each were separated by SDS-PAGE electrophoresis. Western 
blotting using horseradish peroxidase-linked anti-rabbit IgG and ECL detection 
(Amersham) was similar as section 2.2.1.2.3 with the use of polyclonal anti-Le.Rab? 
antiserum with 1:100 dilution. 
4.2.3.2 Double immunofluorescence labeling 
AM4-64, a fixable FM4-64 dye, was used in immunofluorescence staining. 
Mycelium was fixed in 4.5% paraformaldehyde in Na-phosphate-EGTA buffer (50 
mM Na-Phosphate buffer, pH 7.0, 5 mM EGTA, and 0:02% sodium azide) at 25°C -
for 30 min and were kept at 4 °C. The fixed cells were warmed to room temperature 
and washed in Na-phosphate-EGTA buffer for 1 hr at 25°C. Cells were incubated in 
1% cellulase "Onozuka" R-10 (Yakult Honsha) in Na-phosphate buffer at 25�C for 30 
min. The cells were spin down and washed with Na-phosphate-EGTA buffer twice. 
After incubating with freshly prepared 0.05% Triton X-100 in Na-phosphate-EGTA 
buffer at 25°C for 3 min, cells were washed with 1% BSA in IX PBS twice and 
incubated for 30 min to block non-specific binding. The supernatant was discarded 
after settling down of cells. Primary antibodies (anti-Le.Rab7 antiserum) in 1:100 
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dilution was added to 0.25% BSA, 0.25% gelatin, 0.05% NP-40, 0.02% sodium azide 
in IX PBS buffer (blocking buffer 2) and was incubated with the penneabilized cells 
at 4°C for overnight. Being washed with the same buffer 2 times for 10 min, cells 
were incubated with FITC-conjugated secondary antibodies (Invitrogen) in 1:80 
dilution in blocking buffer 2 at 25 °C for 1 hour. After washing with the same buffer 3 
times for 15 min, the samples were put into 4°C refrigerator for 30 min to minimize 
the background signal. Cells were mounted on the slides and observed through 
confocal laser scanning microscopy. The general procedures of image collecting were 
similar as described in section 4.2.1.2 and the filter sets were used as follows: for 
FITC, excitation wavelength 514 mn，dichroic mirror 560DCLPXR, and emission 
filter HQ545/40; for AM4-64, excitation wavelength 543 rnn and emission filter 
HQ660LP. 
4.2.4 Immunohistochemistry of young and mature fruiting body 
4.2.4.1 Tissue preparation 
� Lentimla edodes，strain L54, were cultivated as described (Leung et al, 
2000). The young and mature fruiting bodies of L edodes were cut into small pieces 
and fixed in the formalin-acetic-alcohol (FAA) solution (25 ml 95% ethanol, 2.5 ml 
glacial acetic acid, 5 ml formaldehyde and 17.5 ml dzHaO) at 4�C for 2 days. Then the 
samples were processed and embedded in paraffin using an enclosed tissue processor 
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(Leica Microsystems) with the program of treating plant cells. Longitudinal 5- i^m 
ultrathin sections were mounted on the slides precoated with poly-(L)-lysine. 
4.2.4.2 Immunohistochemical staining 
The rabbit ABC staining system (Santa Cruz Biotechnology) was used for 
immunoperoxidase staining and procedures were according to manufacturer's 
protocol. In brief, the tissue sections were first de-waxed by xylene and rehydrated 
through ethanol-water series. The sections were incubated 1% hydrogen peroxidase to 
quench endogenous peroxidase activity. The slides were incubated with 1.5% 
blocking serum in PBS to prevent non-specific staining. The slides were then added 
with primary antibody (anti-Le.Rab? antiserum) in 1:80 dilution with 1.5% blocking 
at 4 � C overnight. After the washing with IX PBS, biotinylated secondary antibody 
was added to incubate at 25 for 30 min, followed by incubation of AB enzyme 
reagent at 25 °C for 30 min. 1-3 drops peroxidase substrate was added and incubated 
at 25 for 1 to 5 min until desired stain intensity developed. The sections were 
washed and mounted in distilled water and viewed with Nikon Microscope 
Microphot-FX (Nikon) 
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4.2.4.3 Image viewing 
The images were captured through Nikon DXM 1200 Digital Camera 
(Nikon) and analyzed with the software Nikon ACT-1 version 2.12 (Nikon). The 
images were processed with Adobe Photoshop before publishing. 
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4.3 Results 
4.3.1 Presence of endocytosis in L. edodes 
In order to validate that endocytosis takes place in L. edodes and 
understand its relationship with signaling, we performed experiments which the 
uptake of the membrane-selective endocytic marker FM4-64 has been taken as 
positive evidence for membrane internalization by endocytosis. 
We used the mycelial cells in PDB liquid culture and gill tissue of mature 
fruiting body for the analysis. Before the loading ofFM4-64, the cells were put into 0 
�C for 10 min to lower its metabolic activities. Cells were loaded with FM4-64 and 
immediately taken out after subsequent wasliing to observe the earliest dye 
internalization as the 0-min time point. There were some bright circular structures on 
inner surface of membrane and located along the complete length of mycelial cells 
(Fig. 4.1 A). After 20-min chase period, the bright circular structures were pinched off 
from the membrane. The structures were motile and vibrated along the cells (Fig. 
4.IB). After the 40-min chase period, the dye internalized was retained in two 
different-sized circular structures. Some of them were similar to those in 20-min chase 
period, while the majority of the dye was retained in large, intense fluorescent 
structure (Fig. 4.1C). The different-sized vesicle-like structures may be early and late 
134 
endosomes which serve as transporters in different stages of endocytosis. At the 
60-min time point, the dye appeared in spherical, hollow organelles of variable sizes 
(0.7-1 jim) (Fig. 4.ID). These hollow vesicles may be the vacuoles in fungal cells. At 
the 120-min chase period, the vacuolar membranes were distinctly more labeled than 
plasma membrane and more fluorescent. Some vacuolar structures were so large that 
its diameter was the same as the width of mycelial cells (~2 nm) (Fig. 4.IE). These 
observations reflected that they are the final stage of dye internalization. No 
significant change in the localization of the dye was observed after 120 min time 
point. 
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Fig. 4.1 Time course of FM4-64 dye internalization in mycelium. 
Panels A to E were taken out at the respective time points after loading of the dye at 0°C. (A) FM4-64 
� was taken up by mycelial cells and detected on the plasma membrane. Some spot-like, highly 
fluorescent structure began to appear, (B) followed by the internalization through circular structures 
(arrowhead) and (C) the number and size of circular, endosomal-like structures became larger gradually. 
(D) The dye was transport into spherical, hollow organelles (arrowhead) after 1 hour. (E) The dye was 
retained in larger vacuolar hollow structures (arrowhead). No significant change in dye localization 
afterwards, revealing the final stage of dye internalization. 
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4.3.2 Validation of active transport of FM4-64 
Endocytosis is an active process and requires the actin cytoskeleton for the 
membrane trafficking. In order to show that the intracellular membrane trafficking in 
filamentous fungi is energy-dependent and relies on F-actin, metabolic inhibitors and 
actin-depolymerizing compounds were used to test the assumption (Penalva, 2005; 
Soldner et al., 2002; Yamashita and May, 1998). We applied similar approaches to 
show that FM4-64 was internalized by endocytosis. A sodium azide and sodium 
fluoride (30 mM each) mixture was used as metabolic inhibitors, while cytochalasin D 
(20 |jM) was added as an F-actin depolymerizing compound. As seen n Fig. 4.2A, 
these compounds almost fully prevented dye internalization but there were a small 
number of highly fluorescent spots present in the cells. Thus, FM4-64 is probably 
internalized by active transport, while the initial internalization of the dye on the 
plasma membrane is also energy-dependent. Cytochalasin D, which is widely used as 
effective inhibitor of actin polymerization (Gabriel et al, 1998)，was added to 
mycelial culture. The labeling of intracellular circular spots and vacuolar structures 
was fully prevented and plasma membrane was uniformly labeled (Fig. 4.2B). 
However, there were fluorescent spots on the inner membrane but no motile circular 
structures moving along the cells. In conclusion, the results showed that the 
internalization of FM4-64 is energy- and F-actin-dependent and thus provide strong 
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evidence that it was transported through endocytosis. 
4.3.3 Dye internalization at specific structures in L. edodes 
Interestingly, we found that endocytosis occurs at the site of clamp 
connections and in gill tissue of mature fruiting body. There were always highly 
fluorescent spots and strong labeling of membrane at the clamp connections in 
mycelial cells (Fig. 4.3A), revealing a high rate of endocytosis taken place there. It 
suggest that the clamp connection is an actively growing site arid actively uptaking 
substrate. Moreover, gill tissue was shown to have FM4-64 internalization. Before the 
incubation of FM4-64 dye, the longitudinal sections of gill tissue were thinned by 
razor blade so that the structures could be observed more clearly. After the loading of 
the dye, thinned gill tissue was covered by coverslips softly without disturbing the 
morphology. Examining by confocal microscope, we could see that thre are three cell 
types in hymenophore. The cells in the outermost layer, the hymenium, are smaller 
compared to the other two and dumbbell-shaped. The middle part of hymenophore 
� w a s composed of long and large trama cells, which occupied most of the 
hymenophore. Also, the small rod-like cells of subhymenium were present between 
these two layers (Fig. 6B1). There was dye internalization, which was shown by the 
presence of fluorescent spots, near the hymenium (Fig. 6B3), the outer region of 
trama cells and subhymenium (Fig. 6B4), but not in most of the trama cells (Fig. 6B5). 
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There was a stronger labeling at the outer region of trama and subhymenium than 
hymenium. These results, in conjunction with the mRNA localization of Le.Rab5 and 
Le.Rab?, strongly suggest that endocytosis occurs in the gill tissue of fruiting body. 
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FM4-64 D i e 
Fig. 4.2 Drug effects on FM4-64 dye internalization in mycelium after 40 
min loading of the dye at 0°C. 
(A) in the presence of sodium azide and sodium fluoride (30mM each); (C) in the presence of 
cytochalasin D (20 fj. M). Bars= 10//m 
FM4-64 D i e 
Fig. 4.3 FM4-64 internalization in different structures of L edodes at 
40-inin time point. 
(A) Dye internalization at the clamp connection (arrowhead) in the mycelial cell as indicated by high 
intensity of fluorescence. Bar: 10 jcz m. 
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Fig. 4.4 FM4-64 internalization in gill tissue of mature fruiting body of L 
‘ edodes at 40-min time point. 
Appearance of fluorescent circular structures was indicated by arrowhead. Dye localization in 
hymenophore was shown in (A) and (B). The trama (T), subhymenium (S) and hymenium (H) were 
observed in DIC micrograph. Dye internalization was seen in hymenium (C) and subhymenium (D) but 
not in trama cells (E). The cell shapes of different cell types were observed in DIC micrograph (F), (G) 
and (H). Bars= 50 ii m. 
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4.3.4 Presence of Le.Rab? protein in the endosomal structures 
along the endocytic pathway 
Rab7 mainly facilitates the fusion of early to late endosomes and lysosomal 
biogenesis (Vitelli et al., 1997). To show that the functions of Le.Rab? in L edodes 
are mainly in intracellular trafficking, immunolabeling using anti-Le.Rab? antibody 
and AM4-64 internalization were applied. In order to show the cellular and 
subcellular distribution of Le.Rab?, a custom anti-Le.Rab? antiserum was synthesized. 
Western blotting was used to characterize the validity of the antibody. A major single 
band was at 26 kDa was detected in total protein extract from mycelium (lane 1，Fig. 
4.5). A single band at 27 kDa was also observed in the sample of in vitro translated 
Le.Rab? produced by TNT® T7 polymerase-coupled recticulocyte lysate system (lane 
2, Fig. 4.5). 
Similar to the procedures of FM dye internalization, the mycelial cells were 
fixed by formaldehyde after certain time points (30 min and 60 min) and were 
immunostained by anti-Le.Rab7 antiserum. In the 30-min and 60-min chase period, 
‘ only some of the circular structures (red fluorescent spots) labeled by AM4-64 
overlapped with those labeled by anti-Le.Rab? antiserum (Fig. 4.6A and 4.6B). The 
extent of colocalization increased with time. Moreover, the antiserum did not label 
any spherical, hollow organelles (vacuolar structures), which was assumed to be the 
final stage of FM dye internalization (Fig. 4.IE). The results indicated that Le.Rab? 
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protein occurs in certain structures but not the final compartment in the endocytic 
pathway. 
kDa 1 2 
m 
Fig. 4.5 Characterization of Le.Rab? antibody. 
Lane 1, anti-Le.Rab? antibody detection of Le.Rab? protein in L edodes from total protein extract; 
lane 2，anti-Le.Rab? antibody detection of Le.Rab? protein produced by TNT® T7 polymerase-coupled 
recticulocyte lysate system. 
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Anti-Le.Rab7 AM4-64 Merged • • • 
_ i ^ s 
B. Anti-Le.Rab7 AM4-64 Merged • • 
DIE 
H 
Fig. 4.6 Double labeling of mycelial cells with anti-Le.Rab7 and AM4-64. 
Mycelial cells were fixed with 4.5% paraformaldehyde at the (A) 30-min and (B) 60-min time points 
after cold loading of the AM4-64 at 0°C. In two different time points, anti-Le.Rab? partly colocalized 
with the dye. The extent of colocalization was higher in 60-min than in 30-min time points. Bar= 50 fi 1. 
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4.3.5 Presence of Le.Rab? protein in the pre- and hymenophore of 
fruiting body 
In order to localize Le.Rab? protein in structures of L edodes, 
immunohistochemical staining was used. The immunoperoxidase staining was 
performed on formalin-fixed, paraffin-embedded tissue of young and mature fruiting 
body, using the polyclonal anti-Le.Rab7 antiserum as primary antibody. Similar to the 
finding of mRNA localization of Le.Rab? obtained in in situ hybridization, there were 
signals, indicated by intense brown color, at the prehymenophore of young fruiting 
body. The brown color mainly localized at the periphery and in the middle of 
prehymenophore (Fig. 4.7A and 4.7B). The middle part of prehymenophore possibly 
develops into trama cells while the outermost cells may become hymenium in the 
mature fruiting body. Thus, we also did the staining on the sections of mature fruiting 
body to confirm. In the gill tissue, there were intense brown color observed at the 
sides of trama cells, subhymenium and hymenium (Fig. 4.8A and 4.8B), while the 
most intense color was seen in hymenium. It was likely to be consistent with the 
‘observation in the young fruiting body that those parts of cells subsequently develop 
into corresponding cell types. Moreover, it also indicated that Le.Rab?, a gene 
involved in endocytosis, may play a role in basidiospore formation and spomlation, 
which take place in hymenium. 
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Fig. 4.7 Immunohistochemical staining of formalin-fixed, paraffin-embedded 
tissue sections using immunoperoxidase staining and polyclonal anti-Le.Rab7 
antiserum. 
(A) "Eye" organ of young fruiting body, with the prehymenophores in the middle (magnification X40) 
(B) A prehymenophore (magnification XI00). (C, D) Negative controls in the young using pre-immune 
serum were observed by different magnification (X40 and XI00). 
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Fig. 4.8 Immunohistochemical staining of formalin-fixed, paraffin-embedded 
tissue sections using immunoperoxidase staining and polyclonal anti-Le.Rab7 
antiserum. 
(A) Hymenophores of mature fruiting body (magnification X40) (B) A hymenophore (magnification 
XI00). (C, D) Negative controls in the young and mature fruiting body using pre-immune serum were 
observed by different magnification (X40 and XI00). 
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4.4 Discussion 
Immimohistochemical staining was used to localize patterns of protein 
expression in whole-mount samples at the cellular level. A polyclonal antibody was 
raised against Le.RabT. It specifically interacts with Le.Rab? protein in total protein 
extracts and in vitro translated Le.Rab?. The protein localizations were shown in 
young and mature fruiting bodies. Compared to the results of in situ hybridization, the 
localization of Le.Rab? was mainly at the periphery and middle part of 
prehymenophore, which may subsequently develop into submymenium, hymenium 
and trama cells of mature fruiting body respectively. It was confirmed by observing 
the patterns in hymenophore, which the signals ofLe.Rab? mainly localize at sides of 
subhymenium and hymenium and sides of trama. It was consistent with the 
localization of transcript and evidence of FM4-64 dye internalization in the specific 
cell types of the hymenophore. Le.Rab? may regulate diverse cellular processes in gill 
tissue by controlling endocytosis, such as differentiation of cells in prehymenophore 
and basidiospore formation in hymenophore. 
Here I also showed that FM4-64 dye, a membrane-selective marker, enters 
the cells oil. edodes by endocytosis. In the time-course of FM4-64 internalization, it 
is first found in the circular spot-like structures and then transported to spherical, 
hollow organelles. At the final stage of internalization, the dye remained in larger 
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hollow organelles. This staining pattern was similar to those in Aspergillus nidulans 
(Penalva, 2005) and Neurospora crassa (Fisher-Parton et al, 2000). The sequential 
labeling of different structures following the initial labeling of plasma membrane 
strongly suggests that these organelles are intermediates along the endocytic pathway 
of L edodes. The circular spot-like structures were suggested to be early endosomes, 
as reported in A.nidulans and N. crass a hyphae, based on their similarity to the 
cytosolic punctuate structures found in S. cerevisiae (Vida and Emr, 1995). 
Subsequently, spherical hollow organelles appeared after the labeling of spot-like 
structures and the number and size of these structures increased with time. They 
maybe late endosomes that function in later stage of endocytic pathway (Seachrist and 
Ferguson, 2003). Moreover, the |xm vacuolar structures may be the vacuoles of 
fungal cells formed by homotypic fusion (Pfeffer, 1999; Penalva, 2005) and possibly 
the final destination of FM4-64 internalization. 
i 
The dye internalization is also proved to be dependent on energy and 
F-actin thus provides strong evidence for the existence of endocytosis. The chemical 
structure of FM4-64 resists simple diffusion across plasma membrane (Betz et al.， 
1996; Fisher-Parton et al, 2000). Metabolic inhibitors sodium azide and sodium 
fluoride inhibited dye internalization, forming strong fluorescent spot-like structures 
residing on the plasma membrane. It suggests that the internalization of FM4-64 is an 
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active process. Additionally, cytochalasin D depolymerizes actin and prevents actin 
cytoskeleton formation but does not damage cells lethally (Soldner et al, 2002). This 
causes a similar effect as the metabolic inhibitors to prevent dye translocation. F-actin 
is known to be involved in endocytic internalization and other membrane trafficking 
(Mimn et al, 1995; Ayscough, 2000). Thus, our data strongly suggest that L edodes, 
like other filamentous fungi, carries out endocytosis in diverse physiological 
processes (Polo and Di Fiore，2006). 
Double fluorescence immunostaining was used to see whether Le.Rab? 
functions in the endocytic pathway. Recently, a similar technique has been employed 
in studies ofRab GTPases (Ueda et al, 2001). As demonstrated in the double staining 
experiment, Le.Rab7 protein partly colocalized with structures containing AM4-64. 
The extent of colocalization increased with time. Thus, Le.Rab? may only be present 
in certain compartments along the endocytic pathway and probably resides on late 
endosomes or other vesicle-like structures at the later stage of endocytosis. The use of 
other markers, such as lyso-tracker (lysosomal marker), will help us to address this 
hypothesis that colocalization takes place. 
It is interesting that a structure and specific cell types were found to have 
endocytosis in L edodes. Clamp connection is mainly involved in nuclear division 
and cytokinesis of hyphae. The process involves the development of a clamp, 
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formation of two septa, and fusion of the clamp with the penultimate cell. As a result, 
a nucleus of each type is compartmentalized into a new cell and the penultimate cell 
respectively (Shepherd et al, 1993). High metabolic rate should be in actively 
growing mycelium. Our results of FM4-64 internalization showed that there were 
always highly fluorescent spot-like structures present at the clamp connection, 
suggesting that there is a relationship between endocytosis and cytokinesis of mycelial 
cells. Possibly the cells acquire nutrients from the surrounding through endocytosis in 
order to support high rate of metabolism (Ayscough，2005). Moreover, cell signaling 
through endocytic pathway may trigger cytokinesis (Gachet and Hyams, 2005). The 
hymenophore is a gill tissue of fruiting body consisting of trama, subhymenium and 
hymenium on which basidia and basidiospores are formed (Kaneko and Shishido, 
2001). However, not all cell types undergo dye internalization. Only the hymenium 
and subhymenium beneath showed fluorescent circular structures internalization. It is 
not surprising because the hymehium, which mainly functions in basidiospore 
formation, is diverged from subhymenium. In S. cerevisiae, it was suggested that 
spslp regulates the intracellular trafficking of proteins for spore wall synthesis. The 
movement of this protein involves the redirection of plasma membrane proteins to 
prospore membrane (Iwamoto et al., 2005); therefore, endocytosis may be involved in 
signal transduction and transport of essential components of spore formation. 
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Chapter 5 General discussion 
L edodes is a popular edible mushroom which contains high nutritional and 
pharmaceutical values. Many researchers have been seeking the mechanism 
governing the development, fruiting and reproduction process, aiming to improve the 
quality and the yield of the mushroom. 
Endocytosis is a general process of eukaryotic cells serving many processes, 
such as recycling and removal of proteins and lipids, and uptake of signal molecules 
(Read and Kalkman, 2003). Among the three kinds of endocytosis, pinocytosis and 
receptor-mediated endocytosis begin with budding of clathrin-coated vesicles, and 
fusion with early endosomes. The constituents may be recycled back to extracellular 
space, targeted to lysosomal degradation by transporting to late endosomes and 
lysosomes, or subjected to transcytosis (Seachrist and Ferguson, 2003). 
There are many studies about the significance of this process to the 
development and growth of different organisms. Rab7, which works in lysosomal 
degradation of endocytic pathway, functions as a proapoptotic protein by limiting 
cell-autonomous nutrient uptake in mammalian cell culture. It prevents growth 
factor-independent survival by inhibiting nutrient transporter expression and also 
promotes cell transformation (Edinger et al.’ 2003). Many studies focused on the 
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relationship between endocytosis, Rab proteins and diseases. For example, in 
heritable diseases, genes controlling vesicular transport can be altered by mutations. 
In addition, infectious disease, cancer and autoimmunity are affected by endocytic 
pathways (Seabra et al, 2002). Among fungi, yeast has been well-characterized for its 
endocytic pathway. Ypt7p, a homologue of mammalian Rab7, is required in vacuole 
fusion during the late stage of sporulation, which is important for spore maturation in 
Schizosaccharomyces pombe (Kashiwazaki et al.’ 2005). About 2% of yeast genome 
is involved in endocytosis (Wiederkehr et al” 2001). Endocytosis is associated with 
polarized cell growth and cytokinesis in fission yeast (Gachet and Hyams, 2005). 
There are more examples about the existence of this process in filamentous fungi. A 
study of Ustilago maydis revealed that endocytosis may participate in polar growth, 
bud site selection and cell separation (Steinburg and Fuchs, 2003). All evidences 
showed that endocytosis is a general process regulating the growth and development 
in eukaryotes. 
This study tried to show the relationship between endocytosis and fruiting 
body development. A previous EST study identified genes expressed in primordium, 
the initial stage of fruiting cycle. Similar to Neurospora crassa (Galaghan et al” 
2003), a gene encoding Rab7’ which ftmctions in the endosomal fusion and involves 
in the trafficking in later stage of endocytosis, was isolated. It gives us an insight into 
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the existence of endocytosis in L edodes. The yeast two-hybrid system is the most 
commonly used method for high-throughout identification of potential protein-protein 
interactions. To study the function of Le.RabT, it was used to isolate its interacting 
partners by screening through the primordial cDNA library. After several tests and in 
vitro co-immunoprecipitation assay, two interacting partners, Le.RabS and Le.RACKl, 
were isolated. 
Le.RabS controls the formation of clathrin-coated vesicle and early 
endosomes in early stage of endocytosis (Seachrist and Ferguson, 2003). Le.RabS and 
Le.Rab7 may work together to control the endosomal trafficking from the plasma 
membrane to final destinations such as lysosome or vacuole. Since they ubiquitously 
express in certain compartments in endocytosis, the interaction between these two 
Rab proteins may control the selection of particular proteins to the degradative 
pathway. RACKl is a scaffolding protein. By overexpression or knockout ofRACKI 
gene in other systems, RACKl was shown to facilitate cell cycle progression, cell 
proliferation, cell transformation, cell division and cell spreading (Hermanto et al, 
2002; McCahill et al, 2002; Choi et al., 2003). Since Rab protein can interact with its 
cargo receptor (van IJzendoom et al.，2002), Le.RACKl maybe carried by endosomes 
and its interaction with Le.Rab? controls its destination inside the cell, such as 
lysosomal degradation. 
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Primordium is an important stage in fruiting body formation. L edodes has 
a morphological differentiation from hyphal-form mycelium to mushroom-like 
primordium formed by aggregation of mycelia. Thus, genes that have high expression 
level in this stage may contribute to molecular regulation of fruiting body initiation. 
Northern blot analysis and real time PCR of the three genes revealed that their 
importance of mushroom development. Le.Rab? and Le.Rackl expressed strongest in 
the primordial stage. Higher level of Le.Rab? at the start of fruiting body development 
may be correlated to higher rate of endosomal trafficking of growth factors, nutrient 
transporters or signaling molecules. RACKl was found to regulate diverse cellular 
process, including cell division and transduction growth signal (McCahill et al, 2002; 
Mamidipudi et al.’ 2004). Le.RabS, which works in the early endocytic pathway, 
expressed constitutively in all stages (Seachrist and Ferguson, 2003). As the early 
stage of endocytosis is like a hub to determine different fates of cargo, Rab5 may play 
a similar role throughout the life cycle of L edodes. 
In situ hybridization was employed to localize the transcripts in the young 
and mature fruiting body. In the young fruiting body, three gene transcripts mainly 
localize in the prehymenophore, especially near the tips. They also had strong signals 
at the subhymenium and outer regions of trama cells. Moreover, an antibody was 
raised against Le.Rab? and immunohistochemical staining was used to localize its 
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protein. Consistent with the results of in situ hybridization, Le.Rab? protein was 
localized in the middle of prehymenophore as well as hymenium, subhymenium and 
sides of trama in the mature fruiting body. All these observations imply that the three 
genes may coordinate with each other and function in the production of basdiospores, 
differentiation of cell types during hymenophore development from prehymenophore 
(Kaneko and Shishido, 2001; Nishizawa et al.’ 2002; Katsukawa and Shishido, 2005). 
Similar to other filamentous fungi, L edodes was also shown to have 
endocytosis in the mycelium and gill tissue of fruiting body. In the time-course of 
FM4-64 internalization of mycelium, the sequential labeling started with the initial 
labeling of plasma membrane, followed by the circular spot-like structures. Spherical 
hollow structures appeared after spot-like structures and their number and size 
increased continuously. This staining pattern was highly similar to those in 
Aspergillus nidulans (Penalva, 2005) and Neurospora crassa (Fisher-Parton et al, 
2000). According to previous findings, the circular spot-like structures are early 
endosomes and small vesicles, while the hollow organelles are fimgal vacuole cells, 
which are possibly the final stage of endocytic pathway. To strengthen the dye 
internalization due to endocytosis, it was proved to be energy and F-actin dependent 
by the drug treatment of mycelial cells. FM4-64 is an endocytic marker dye with a 
structure that prevents simple diffusion across the membrane (Betz et al, 1996; 
156 
Fisher-Parton et al, 2000). Both metabolic inhibitors and F-actin depolymerizing 
agent inhibited dye internalization. The fluorescence was mainly on the plasma 
membrane, suggesting that the internalization of FM4-64 is an active process. Thus, L 
edodes is able to carries out endocytosis in mycelium. 
Double fluorescence labeling was used to prove the function of Le.Rab? in 
L edodes. As demonstrated in the double immunostaining experiment using 
paraformaldehyde-fixed mycelium, Le.Rab? protein was partly co-localized with 
structures containing AM4-64, a fixable FM4-64 dye. The extent of co-localization 
was higher at 60-min time point than at 30-min time point. Thus, Le.Rab? expresses 
only in certain compartments along the endocytic pathway and resides on late 
endosomes or other vesicle-like structures in late endocytosis. 
The time course study of FM dye internalization also showed that 
endocytosis occurred in clamp connection and hymenophore of mature fruiting body. 
Our results of FM4-64 internalization showed that there were always highly 
fluorescent spot-like structures in the clamp cell. Through endocytosis, the clamp cell 
may acquire nutrients from the surrounding to support the metabolism (Ayscough, 
2005), or to transmit the signal to trigger cytokinesis (Gachet and Hyams, 2005). The 
hymenophore consists of trama, subhymenium and hymenium on which basidia and 
basidiospores are formed (Kaneko and Shishido, 2001). However, not all cell types 
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undergo dye internalization but only the hymenium and subhymenium showed 
internalization of fluorescent circular structures. It is not surprising because 
hymenium, which mainly functions in basidiospore formation, is diverged from 
subhymenium. In gill tissue, endocytosis may function in signal transduction and 
transport of essential components of spore formation. 
To conclude, in vivo and in vitro protein interaction were used to isolate the 
interacting partner of Le.Rab?. Northern blotting and real time PCR could provide 
information about temporal expression of genes，and in situ hybridization was used to 
show the tissues that expressed the genes. Immunohistochemistry and 
immunofluorescence labeling of Le.Rab? protein showed the protein localization 
inside a mushroom and within the cells. By the use of live cells and endocytic maker 
dye, the existence of endocytosis was shown. This comprehensive approach (Fig 7.1) 
helps us to know more about the mechanism of this cellular process. Also, the project 
showed the relationship of endocytosis and development of L edodes. This is the first 
report of endocytic-related proteins in L edodes and of the presence of endocytosis in 
the gill tissue of basidiomycetous mushroom. 
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Fig. 5.1 Summary of my studies in the endocytic pathway of L. edodes, 
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